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SESSION 1 -"GENERAL PURPOSE ELECTROMAGNETIC CODES"
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COMPARISON OF ANTENKA AXI SCATYERING FATTERNS WY THE XEC AXD EEP CUlkS

Kefeng Liu%, Conatantine A. Maianin
Pepartoent of Fluctrical ami Compuing Kngincering
Arirhan Staty Unlversity
Yenpiz, Arf{ronn KR37A7

ARSTRALY

In this paper, & coeparicon of the field cesputatiens with twg ol the
»hpt widely weed conputstlinpa]l electrueagwetfu ewes, the wiersfrism.y
Xuebrival Klentreesgneiie Code  (XKG){1],  Amd  andthor  wher-aticated
compiterr code the Rlettrosagnotlie Supfnce Fateh code (the KR codelid) hax
biin wnderinien, ‘fhe riadintion paitternx 86 whtennas wowntnd o u xealed
sauie]l  ho) leopter wed  the mupditalic Redse Croxx-Seetion (MES) of »
# cdegree dibedin) cornor reflentor have been coaputed tho the e endex,
Neusutemchats of the sopoxtxtie XCN putlteras have bevh parforacd In the
Arlrons State Calversity's asechhin chaabuir, Ny cosparizon with Uw
ear;.r!nsswl dutu, the perforssice af the sleotrosapnetic codex ean be
avgiuated,

1. INTROIMRXTION

Innevations  n sedern aigitsl  eomputers have ande coefatnt jonul
elegtroaspnetics n mare Tmportant tevl In so)ving alectiromsgnet ie probless
Invuiving resdistic complex structures{d]. The user-friemily natura or
the XEC miwi KSI* cade hax increnked the avallability of neeericu) solutjons
10 anleutyossgnetje prabless invalving coeplux atraeturez.  Sinee the twy
coddey mre haded on Wwo different Intepes) equations(the line fntegeal
eiquntion for the SEGC and the surface Integrnd equutlon for Uwe ESI code),
# Gheprohennive coapairinen of the perforssnce of the two cades Wi}l be
vaiusblya to the users,

Kudintlon uml sumtCering pnttocny have been cosputed with the codox,
The ESP cndo Ix more wijted tu thix type of sode)fng hucause the twe
atructurex snalyzed are moxtly composed of palypons! surfacex|3). &
swire~grid mode) Ix Intreduced to mode) the surfaces shen XEG ix usad{G).
S$inca the resulie of the wire xrid sode) wre xeaxitive to the wire radjux,
the spprosch oF an equi) suprasce uren with the Fale of thusbi2] is sdupted
o detersing the redlux uf the wires to sodel the surfécuz. One
raxtriction of the ESP codi Ix that sl) xurfaces are wnsused W be of xero
thicknusx, For thoxe wivy structurex besides the surfuces, the ESP cnde
roquires that all thosae wires be of the samy radjus,

Tu purfors the computntionw, sf sutomsted cosputelr progras has been
developed to genurste the Input duta for both the NEC und the ESP code,
The program Ix bused on n gusdellaters) wive-geiding mothod the authors
doveloped to sodel the enclused surfuwce,  Such a dutn -generating program
ix convenient in the msodeling of cosplux structures, Purthermort, the
quudrilatera) wire-griding method can bee & very yencral aathod in the
madel ing of complex structures,

Foruty ‘é




T 11, COMPARISOR OF RADIATION PATTERXS
,; Figure 1 shows the geosetry of the acaled suode) hellenptor nlong with
: the wire antenna while Figuve 2 odisplays the evordinate wystem of the

stnlel,  For the XKC, the saxisue sogsent size Ix chaden to e 6.05 X 8l ah
. uperatime (requentty oF 60,0 Mz,  Thin xegment wize gencralos 820 sepsentx
for the helicopter. 18 scfimensx Tor the rotor sml bladex, smd 11 segwents
rar the slre antebnd,  The exelthtion Rk & ohe-volt xeurse fed in the
sitdd}i of the Wal) wire wntennn, For the ESP ¢adn, the saxisue putch sive
fx wet nt 0.5870 X, amd JU rexuits Jn 170 xinusalda) autface puteh sodos
s 37 kinusoldal wire sades for the roetor, bladex, snd the wire wRtehha
; (1.2, 29 segoentR: the same ax in the XKG)., The o)), ymw, and plteh
: patierns of the helleopter antesns are shiwn In Plgurex 3, 4, and 5,
respettively, The rall pattern In the radlution pattern In the elevation
plave where €208, ¢ <0 ¢ INP, and ¢J8P. O <0 < I1MP,  The yaw
pattern Ix tha axisuth radintion pattern where 0290%, ¢* € ¢ £ 360°, The
pltch patinrs  ia snather elevation radiation pattern whera #:2210°,
0> 20 <18, and P3P 0F ¢ 6 ¢ INP.  The patterne have been norsallxed
0 oK relative te the saxisue valne of the ®ast JALense compopsht,
NXatlee that the r:‘ compunent In the piteh pattern comsuted uning buth

cothex 3n Cur bolow =40 dB, and therefure SU esn el been xeen fn Plgure 3,
The resu)is oeblsined from tUwe two coder gree axtresaly well Jn sagy
y atens, Nowgvar, divergence of the rexultz for ecertaln fleld pstiorns
oecurs, For wxnaple, tha rv patterns In the yaw pattern (Figvre 3) amd jn

i the piteh patters (Pigure 83) diamgree,  Unlortunately, seaxuresent fop i
i these patterns are not aveijable at thix tise th show which code gives 1
better raxulin,  Since the ESP code fives the walutions W the actusl |
g0} id surfacy struvtire, the posnlble resson for the dixagreemants any be !
i thut the wire-grid sude) does not Cepresent very well surfsces wjth wodges
i thut urg wiectrically close, Thix will produce errorx in regions whare ”B

IR prisarily s result of surfuce refloctjons and wedge $Jffrantions,

g e wER

-

Other antennx patterns for antennag monnted in ather locatjons has
also been computed, Suv they are not shown hera  bugavke of  space
g Yimjtationn. The putterns In Figure 3, 4, and 5 sre cosputiml shen the
1 bludex xre w)igned with the x wnd y axex. Pattarar for diffecent binde
ponitions huve ulne benn computed to show the effect of the blade rotut lun
on the antunne patteras, Efficiency of the twe codun hag ulxe been
axsuinad,

111, COMPARISON OF SCATTERING PATTERNS

Figura 6 shows the peometry and the courdinute systes of » 90 -degrev
dihedru] corner reflector, The muximua xepsent sixes are chosen ax (1,125
und 0.3 for the ESP ccdy sl the NEC, raxpectivaely. With such u segmant
size, the sutomated prograw generatex 1072 wire-gell sapmentx for the NEC,
while the ESP  generales 742 surface patch  modex  for  both
polavizationx({vertical and horizontul). The ESP ix sure sujtable for
computing scattering putterns while the NEC Is configursd to compute the
bistatiu RCS only. However, the NEC has been modified to compute thy
sonostutic RCS mo that it can be compured with the ESP code us well ou
with the messurements, Figuregs 7 and 8 show the coapurisons of ke

2
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monoatatic NCS of the cornet- reflectar for both the vartical and the
horizontal polnrizations. The NEC ugrees battor with the experisenta)
datn becwuse the wireqgeid model with finite radiug  repravents sorn
neenrntely the strugture of the objeat{the setn)lle plutes Tor the cornes
reflector huve a thicknass ol 0.62em while the diwmgter of the wire {n the
wireegrid sodel ix 0,83%em) whick the seawuresents ere perfurmed, The ESP
cude given axcellent resuitx excapt. In the aren whers possibly the
thicknexs ef the corner vefleator may play an {mportant role to the KCS.

CONCLUSTORS

Compusigonn of the Pleld cosputntions by the use of the NEC and the

CENI codde show that slthough the KEG ix developul from w line integra)

forsulution, It xtjll-wurks very well Ih sodel ing the surfsco with certagn
typex of wire-xrid techniguea, 1L In gvén more scourate and wfficlent
when U Is used to snde) electrlcnlly ssal)l scutturing objectx, The ESP
code perforas extremely woll for solid £luy wurfaces, except poxxibly in
reglons where the thicknexn say play awn fsportant rule,
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Figure 5. Comparison of pilch plane raidistion patterns for the

helicopler antenna using the NEC and the ESP code, Frequenoym60 MHzx.
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ELECTROMAGNETIC DESIGN CODES MAINTAINED ON THE
MFE NETWORK BY THE LAACG*

P S Y i
w

T. C. Barts, K. C. D, Chan, R. K. Cooper, and M, J. Browman
Los Alamos National Laboratory o
Los Alamos, NM 87543

ABSTRACT

L R T MR

The Los Alamos Accelerator Code Group (LAACG) maintains the two- and three
dimensional (2-D, 3-D) MAFIA! codes and the POISSON/SUPERFISH codes at the Na-
tions] Magnetic Fusion Euergy Computer Center (NMFECC). Thede codes, principally
clectromagnetic field solvers, are used for the analysis and design of electromagnetic com-
ponents, ¢.g., magnets, radio-frequency (rf) structures, pickups, ete. We will give a brief
dexcription of all the codes and explain how they may be scecased vin the Magnetic Fusion
Energy Network (MFENET).
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INTRODUCTION

Two scts of codes useful for the computer-aided analysis and design of 2-D and 3.D
electromagnetic structures are installed at the NMFECC, The 2-D MAFIA codes in cylin-
drical and cartesian coordinates and the 3-D MAFIA codes in cartesinn coordinates, writ-
ten by Thomas Weiland and coworkers of the Deutsches Elekironen-Synchrotron (D‘ES\'),
constitute the first group. The 2-D POISSON/SUPERFISH 5roulp for cartesian and cylin.
drical coordinates is the second installed group. Klaus Halbach of Lawrence Berkeley Lab-
oratory (LBL) developed the theory and Ronald Holsinger working at LBL and Los Alamos
National Laboratory (LANL) did the programming for the POISSON/SUPERFISH

group.
R‘MFECC provides large-scale computational support to the magnetic fusion ener;
community and the larger energy research community. There are four CRAY's available
for users at NMFECC (Jlocated at Lawrence Livermore Nationa! Laboratory).
Guidelines are given below for obtaining a computer account at NMFECC; for ob-
taining documentation; for accessing source codes, executable codes, and test problems; )
for compiling and executing the run-time modules. 3
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Examples Using MAFIA and POISSON/SUPERFISH Codes

\ A representative use of the MAFIA codes is a study? to minimize the power loss

4 density in the four-rod radio frequency quadrupole (RFQ) shown in Fig. 1. ,

" Figure 2 is a plot of the MAFIA model. Only two cells are modeled because the

‘ structure is periodic.

! The resonant frequency of 398.9 MHz calculated by MAFIA is within 2.1% of the
measured value, 407.5 MHz. Figure 3 is a plot of the magnetic fields in the rod region just

] in front of the middle metal plate. The arrows show the amplitude and direction of the
magnetic field in the plane of the {:lot surface. The size of the circles shows the maguitude

] of the magnetic field normal to the plot surface. A "+ in the circle shows the tip of the

arrow coming towards the reader and the *x" in the circle shows the tail of the arrow

~
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* Work supporied by the US Depariment of Energy (DOE), Office of High Energy and Nuclear Physics,
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| Fig. 1. The founrod RFQ modeled by the MAFIA coden,
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Fig. 2. A plot of the four-rod RFQ model produced by the MAFIA codes.
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' Fig. 3. A magnelie ficld plot of the rod region Just in front of the middle metal plate,

oing away from the reader. /Al of the following magnetic field plots were produced by the
AFIA post-processor,
Fl'furc 4 is a plot of the magnetic fleld of the entire x-y plane at the middle metal
plate of the modeled structure.
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Fig. 4. A mugnetic field plot of the entire x-y plane at the middle inetal plate,
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“The cnlarged view ol the rod x\;iion in'Fi%i 5 shows the pesk magnetic ficlds, From
ihis plot it can Lo seén that the pesk current flow and power lows is concenteated where
the rode nre connecled to the metal plate,
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Fig. 5. A magnetic field plui of the rod reglon at the middle metal plate,

Further modeling showed that inereaxing the width of the base of the rods reduced
the power loss density in that region.

A representative use of the POISSOM/SUPERFISH codes is magnet deign including
H magnets, septum magnets, and guadrupoles. These codes have alao been used to calen-
Iate clectric fields between plates of fixed Potcntiul in an infinite pipe, and to calculate the
ficlds at both the center and the frings <l » magnetic geometry, Figure 6 is a plot of the
magnetic field lines for a anadrupois magnet calculated with POISSON.

Althoush: it.is possible to use only onc-sighth of the total geometry because of the
symmetry, in this case, one-fourth of tha Zeomstry was used,

Ture MAGNETIC FUSION ENERGY NETWORK
AND COMPUTER CENTER.

The NMFECC, established in 1974, provides Jarge-scale cont\rumioml support to the
maﬁnelic fusion enargy. community wnd-tic larger energy research community. The center
facilit=ica ihe sharing of informution, codes, data, manpower, and computer power among
American and Japanese energy researchers.

Currently, the NMFECC user commupity consists of 2bout 4400 users at about 121
sites throughout the country and Japan. By means of = nationwide communications net-
work MFENET, users may access ihe fo!!swin%;:ﬁgc-sw!: computers at NMFECC: one
CRAY-1 machine (to be phased sut shortly), a CRAY XMP 24, and two CRAY-2 machines.
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Fig. 6. A plot of the magnctic ficld linek of one-quarter of = quadeupale,

Machine b, a CRAY-2, hina 40 Mwords of memory and 4 CPUs; Machine §, n CRAY-2,
has 80 Mwords of memory and 4 CPUs; Muchine ¢, the XMP24, has 1.3 Mwords of memory
and 2 CPUs. These computers can be accessed via dinl-uk lines, TYMNET, INTERNET,
Remote User Service Station (RUSS), and/or a VAX on MFENET.

Potential users with no access Lo an NMFECC account need to contact their DOE
monitor to determine eligibility for an account, Those eligible then need to contact Dan
Hitcheock at the Office o? Energy Research st DOE in Washington, D.C,

New users can be added to existing accounts by having their Principal Investigator
contact JoAnne Revelli at NMFECC, phone (415) 422-4228.

OVERVIEW OF THE 2-D AND 3-D MAFIA CODE
The 2-D and 3-D MAFIA Systemns

The 2-D and 3-D MAFIA systems are sets of computer programs used for the
computer-aided analysis and design of three-dimensional clectromagnetic structures in-
cluding electrostatic and magnetostatic devices, rf cavitics, bellows, ete. The programs are
the result of an ongoing collaboration between the DESY Laboratory, the Los Alnmos Na-
tional Laboratory, and the Kernforschungs Anluge-Jilich. MAFIA is an acronym for the
solution of MAxwell's equations using the Finite Integration Algorithm.? This algorithm
reduces the integral representation for each of MAxwell's equations to a fully generalized
matrix equivalent that is convenient for use in large-scale computers. Solutions can be
obtained in either the frequency domain or the time domain, The theory behind the
MAFIA codes is well documented.t~7 The Iatest versions, 5.0+ for URMEL and TBCI,
2,0+ for URMEL-T and the 3-D MAFIA codes, are installed and maintained at NMFECC.
Figure 7 shows a 3-D MAFIA system diagram.
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Fig. 7. The 30 MAFIA systom on the NMFECC CRAY computers.

The 2-D MAFIA Codes

URMEL »= Veraion 5,02 ealculates TM modes in eylindrically symmetrie cavities and
cutoff frequencics of waves in longitudinally invariant wavegnides. The cavity clectromag.
netic fields may have any azimuthal dependence. The code usea n variable rectangular
mesh, which may be subdivided into triangles. The semianalytic processor (S:\P}' is used
to ﬁl“gl the cigensolutions. Plots of the geometry and electric and magnetic fields are
nvailable.

URMEL-T = Version 2,0/ is similar to URMEL but uses a triangular mesh. It also
provides for dielectric and for permeable materials; it caleulates TE and TM modes and
wm-eguidc propagation constants.

‘BCI — Version 5.02 ealculates the time-dependent electric and magnetic ficlds in
eylindrically symunetric structures in which charged-particle beams occur. The code also
cniculates the integrals of the forces acting back upon the particles of the beam as well
as force integrals (wake potentials) for test particles accompanying or following the beam,
The code uses n square mesh. Plots of the geometry, the electric and magnetic fields, and
the wake potential are available.

The 2-D MAFIA Postprocessors

WAKCOR — Version 5.02 calculates the difference between the values of two separate
TBCI solutions at identical mesh points, Plots of the resultant wake potentisl are available.
‘ WAKFLS — Version 5,62 prints the wakefields and wake potentials saved at selected
loqnllioxxs for every Lime step and optionally docs a Fourier transtorm of the fields at selected
points,
WAKOUT ~— Version 5.02 prints the wake potentials saved at selected time steps.
Plots of the wake potential are available,

14
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The 3-D MAFIA Preprocessor

M3 — Version 2,02 gencrates » reclangular variable mesh for the problem geometric
data in cartesian coordinates on a direct acnezs (da) file. At NMFEC& the da file is an
absolute file. Selected rectangulne mesh cells (bricks) ean be subdivided into two triangular

bricks. Color plots of the geometry, meah, and mnterials used are available in 3-D and in
2.D cul planes.

The 3-D MAFIA Codes

RY — Version 2,01 generates the equations and cocllicients for the eigenvalue solvers
E31 and E32 and appends them on a copied da file. The RI-E3F combination is the §-D
frequency-domain solver,

B31 = Version 2.02 solves for the cigenvahies and ealoulates the resonant frequencics
and $hie electric and magnetic fickds, The SAT is used to nnd the solutions, These solutions
aze appended on a copied da file,

E32 —~ Version 2,01 generales solutions as E31 but uses & multigrid technique.

T3 — Version 2.03 solves for the clectnie and magnetic fieldr in the time domain; it
nlso calculates the integrals of the forces acting back upon the particles of the beam as
well as force integrals (wake potentials) for test particles accompanying or following the
beam. These solutions are appended on a copied da file,

The 3-D MAFIA Postprocessors

P§ ~ Version 2,08 analyzes and displays the electric and magnetic field solutions
caleulated by the main codes and stored on the da file. It provides printouls of the
frequencies, field components, electric field energics, rowcr losses, qu iléon) factors,
intexrals of the field, and net {orces for particles with phases 0°* and 9¢° . Color plots are
n\-ﬁilnmg goxb the geometry and materials in 3-D and for the clectromagnetic fields in 1-D,
2-D, and 3-D.

WICOR — Version 2.02 calculates the difference between the values of two wake
potentials at identical mesk points from two sc;}nmtc T3 solutions stored on da files. Plots
of the resultant wake potential are availnble. The caleulated difference is appended on a
copied da file.

WIFLS — Version 2.02 piots the fields and wake potentials saved at specified points
at each time step from a T3 solution stored on a dn file, This code optionally caleulates a
Fourier transform of the fields at seiecled points.

WSOUT ~ Version £.02 prints and plots the scaling function G(u,v,3) for every

position s in the beam bunch; also, this code can plot the wake potentials from a T3
solution stored on a copied da file.

OVERVIEW OF THE POISSON/SUPERFISH
GROUP OF CODES

‘The POISSON/SUPERFISH Group of Codes is used in the computer-aided design of
magnets and rf structures. These codes provide the user with a choice between cartesian
(z,v) coordinates and cylindrical (r, £) coordinstes. POISSON calculates magnetostatic
and electrostatic fields while SUPERFISH computes the resonant frequencies and fields
of circularly-symmetric TM medes in cylindrically symmetric radio-fnequency cavities.
Dielectric materials and linear mnﬁnetic materinls can be included in the caleulations.
These codes use a varisble trinngular mesh that distorts to fit the problem geometry;
the codes are. the original cleven programs, tlie standardized version for the accelerator
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community, ‘The lntest version, 2,003, Nevember 1, 10885, is installed at NMFECC, Changes
include o corrected stored cnvrgy ca. . ion? in POISSON, PANDIRA, nud MIR'S; addi-
tion of the codes PANT and FORCE; additlon of the DISSPLA-Losed!® plouinﬁ &m AN,
DISPLOT‘ and numerous programming changes bringing the codes eloser to FORTRANT?
standards ! Figure § ahows n PLISSON/SUPERFISH system dingram,

Fig. 8. The POISSON/SUPERFISH system on the CRAY Machine ¢ at NMFECC,
POISSON/SUPERFISH Preprocessors

AUTOMESH generates an ASCII file for input to LATTICE from the problem geo-
melric and material data,

LATTICE ganerates a binary file, describing the problem to be solved, for input to
the main codea,

POISSON/SUPERFISH Codes

POISSON solves Poisson's (or Laplace's) equation for the vector (or scalar) potential
for 2-D cartesian geomnetsy or geometry with cylindrical symmetry using "successive point
over-relaxation” (SPOR).

PANDIRA is similar to POISSON but uses a direct method of solution.

SUPERFISH solves for the TM resonant frequencies and field distributions in an rf
cavity with three-dimensional cylindrical symmetry; it also solves for the cutoff frequencies
and mode patterns for & waveguide. For the cylindrically symmetric cavities, the only
modes found are azimuthally symmetric.

16
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AJRT optimizes magaet profiles, coil shapes, snd current densitics based on a field
specifeation defined by the user. The code ean be used ns a main code or it can use o
POISSON or PANDIRA solution as & starding solution.

PANT caleulates n thermal disteibution in the walls of nn of eavity, The code can be
uged s o maln code or lo postprocess n SUPERFISH solution,

POISSON/SUPERFISH Postprocessors

MIRT and PANT see above.

FORGE cenleulntes forees on coiis nnd iron regions from a POISSON, PANDIRA, or
MIRT solution.

SFOI ealerdates avxitiary quantitics for the design of drift-tube linncs from a SUPER-
FI5H solution.

SHY calculalea Hg and the B Gelds for a specified region from a SUPERFIST and
S0} solution.

TEXPLOT and DISPLOT plot the physieal geometry and meskes from a LATTICE
solution; rlot the equipotential lines from a POISSON, PANDIRA, or MIRT solution; plot
thf field Yises from a SUPERFISH solution; or plot the isothermal lines from a PANT
wulion,

Documentation of the LAACG NMFECC Codes

On-Linz Documentation. NMFECC users logged on to any CRAY and wanting basic
information ou MAFIA and POISSON/SUPERFISH codes suny type in
nta gat /acc/info/readne
énd
cat xéadme
for n brief deseription of each code, documentation availuble, code storage, and information
on accessing, compiling, and exeenting the codes.
NAMFECC users logged on to any CRAY may also read the up-to-date messages on
the bulletin board, LAACG POISSON MAFIA, by typing
bulletin laacg

Hard Copy Documentation. MAFIA Documentation: URMEL and URMEL-T User
Guide,'? TBCI Short User Guide,!® MAFIA User Guide M
POISSON/SUPERFISH Documentaiion: POISSON/SUPERFISH User's Guide,!®
PCISSON/SUPERFISH Reference Manual.!®
Any of these manuals, code nccess permission, or a nine-track POISSON/SUPERFISH
tape may be requested from the LAA(')G by messages sent as follows:
NMFECC users logged on to any computer on MFENET may type in
tell at6tchllmp
BITNET users may use the address;
at6tcbOlanpt
U.S. mnil requests may be sent to
LAACG
AT-6, MS H825
Los Alamos National Laboratory
Box 1663
Los Alamos, NM 87545
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Storage of LAACG NMFECC Codes

Central File Systemn (GFS). On the Central File System (CFS) there is a root node,
lace, Under /lace are three direciory rodes: /info, /mafia, and /poicodes. Under
/lacc/into is the file /xendne,

CFS MAFIA Stornge, Only CRAY-executnble MAFIA codes (controlless) are availalle
to NMFECC users. Standard length versions named with an x concatennted to the source
code name, for exnmple xn3, are available for Machine ¢ and the CRAY-2 mnchines. In
addition, one million point versions nre available for the CRAY-2 machines for all MAFIA
codes except URMEL-T, URMEL-T i3 » 350,000 point version. These versions have n + o3
the Inst charneter of their names, for example xw3+, The controllees can be found under the
node /lacc/matia/e for Machine ¢ nnd under the node /2ace/magia/2 for the CRAY-2
wmachines, Test problems are found under the Intter nodes under the tps directory, The
controllees are stored for execution at NMFECC,

CFS PQISSON/SUPERFISH Storage. Both zources and controllees are stored for
POISSON/SUPERFISH codes for the CRAY XMP (Machine ¢) and also for any VAX
running under VMS, File names are identical to those cited in the POISSON/SUPERFISH
User's Guide, The CRAY sources nre stored under /lucc/polcodes/cray/sre with
names such ns autso, latso, cte. and the CRAY controllecs are stored under
/lace/poicodes/cray/xeq with numnes such ns automash, lattica, ete. Test examples
are stored under /ace/poicodes/cray/exanples on sepurate filea and in libraries with
nnmes such ns poisex for a complete POISSON run, Output files in the poisex library
have n po appended to their nnmes for example outautpo. A commnos jei file with n name
such a3 jedpo that will exeeute the actual run is included in each cxnmslc library, The
source codes are stored for compiling at NMFECC or for file transfer, and the controllees
nre stored primurily for exeention at NMFECC,

VAX sources are stored under /lacc/policodas/vax/src with names such ns
autso.for, latso.for. The exccutables nre stored under /lace/poicodaes/vax/xeq
with nmmes such ng automash.exe, lattice.exe, Test cxnmples are stored under
/lace/poicodas/vax/exanples on separate files nncl in libraries with nnmes such as poi-
:ox.?lh for POISSON examples. These files are stored at NMFECC primarily for file

ransfer,

Access of LAACG NMFECC Codes

MAFIA Code Access. Source codes for the MAFIA systems are distributed solely by
DESY, Notkestrasse 85, D2000 Hamburg, The Federal Republic of Germany. Requests for
hard copics of release forms may be made to at6tcbelnp vin MFENET or lo atGtcb@lampt
vin BITNET or to the mailing address included in the section on Documentation, ‘Profit-
mnking& orgnnizations should expect Lo negotinte n contract with DESY for use of the
MAFIA codes.

I’OISSON{S UPERFISH Code Access. Anyone with an NMFECC account may have
access to the POISSON/SUPERFISH codes. The LAACG requires that a request be
made for permission to nccess either the source or executnble codes, but this is only for
the purpose of keeping an up-to-date data base of users. Requests may be mude to the
same network or mailing addresses listed under Hard Copy Documentation.

Execution and compilation of the LAACG—NMFECC Codes

MAFIA Ezcculion. All controllees are stored on CFS as described in the section on
stornge. To get a controllee in a CRAY local file space type in (for example)
cfs get dir=/lacc/mafia/e xm3
end

18

e




R

Al 2:D and 3-D codes except for P3 require an ASCH fuput file. The CRAY fnput files
are always the name of the source code concntenated with in. For exmnple, the input file

for M3 is a34n, All the MAFIA codes exegpt P2 {whora il in ontional) produce nn ASCII
output (print) file. The output file nnme is again the source code name concatennted
with out, URMEL-T is the exception; its ASCII eutput file is named uxmeltou, The
3.D MAFIA coiies use n da absolute file for intercommunication. That file name is mag
concatennted with the first lotter of the 3-D code nnme. M3 produces mafa, which js used
for communication with R3, R3 in turn produces maty, t¢. For large problems f:\milyinﬁ
will place on the da files, The scheme used ot NMFECG is that if the first fie is name

mafz, for cxnmple, then tha second iz mafm0, cle,, but the last Gle hng a namne ending fu x,
such zs mafalx, Libraries of test examples are in /lace/matia/tys. For 3- M:\E‘IR, the
file n3r3e31 conlains inputa and outputs foc n completo 3-D frequency-domain ealeulation.

In codes where plots nre :\vni!abxic, n menu witl request that the user select one oiytion
from 20 plot oplions. Some oplions wiil be followzd by querics for baud rate and box
numbes, The experienced uger mway select the file substibution option availnbly and frecly
sulstitnie filo nnner for expected file names and zlso wny dype in vo= for plot option,
ande for baud rate, xobe for box numbezr right on the exccution line. For czmnple, typing
m

xa3 pon2 xobeqdS mafarmaftiast
resulis in z=3 exzeuting with plot oplion 2, hox number q38; the dn file produced will b
nemed zattess, File substitntion is not available for plot file nnoncs.

Input Hles for test problems can be obtadued by typing in, (for exnmple)

o8 gat [lacc/matial/tpa/p2e3a3l
6ad

15% m3r3aldy

3

eud

Al input nod outputl flex will be in the jozal filz #paze. Output files will have a 1
appendad or substituled for tha inst character in file npnrnes over seven characters Jong o
that comparisenas cns he made,

POISSON/SUPERFISH Exceutien, Al controllees are stoved on CFS ns described i
tha section: on storsge. To geb n controllee in & CRAY ocal file space typein (for example)

cts gat dir=/lacc/psicodasfcrny/xeq automash
end

For ench test cxample library included in CFS under /lacc/poicodes/
cray/exszpies, there is o jei file that will execute with COSMOS. Thiz tei file will
gei ol the necessary fiies from CFS, extract all files from the library, and execute the
proiiem with a runiing log displayed at the terminal. A log fils is also produced for later
viewing. Enach test exampls library nlso has n ceadae file with a more Zelziled explunation
of how the godes run. For example, to run the POISSON test example, type in
example, type in

¢fs get /lacc/poicodes/cray/examplesz/jcipo
end
cozuos jcipo .

At NMFECQG, all plots ara made with the code DISPLOT. A menu similer to the
MAFIA inilin] plotting mcnu will be displayed and will request that the user sclect one
of the 20 plot optians presented. Some options will be foliowed by queries for beud rate
pnd box nuimber. The experienced user mny-iype in po= for the Ylot option, baud= for the
baud rate and xob= for the box number right on the execution line. For exumple, typing
in

displot po=3 baud=9600
will result in BISPLOT exccuting the plot option 3 at 9660 baud, Plesse ncte that TEK-
PLOT based on PLOT10' stered in CES node /1acc/poicodas/cray/zeq will not exe-
cute at NMFECC and is stered in CFS for file transfer convenienee only.
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POISSON/SUPERFISH Compilation. All POISSON/SUPERFISH CRAY source
codes in local disk spacs can be compiled on Machine ¢ by typing in (for exnmple)

trixgl o(1ibso) xun end
The libeary source code 1ibso must be compiled fimst followed by poiso, then the remnining
source codes may be compiled in any order.
Up-to-date instructions for compiling on the CRAY's or VAXes will always be available
in the readna fiics siored in
/lacc/poicodes/cray/into/xeadnac

or
/Xacc/poicodas/vax/info/xreadne.v

To transfer €les to an MFNET couulmtcr type in (for exmmple) netout libso.for
site=lup uger=atétch binary, Use the binary option for all file types. If the transfer
gite is & VAX-VMS, viere must be a directory with ali world privileges named user.net;
for the above example: at6teb,net,
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A COMPARISON OF THE PATCH, JUCTION AND NEQ CODES :
ADMITTANCE AND NEAR FIELDS FOR A WHIP-ON-A-BOX

PANAGIOZIS ELLINIADIS
Hellenic Navy
RICHARD W. ADLER
and
JAMES K. BREAKALL

Naval Postgraduate School

ABSTRACT

Recently, tha weasured and calculated input impedances
wers presented for & monopole attached at various locations
to a conducting box ovar pexrfect ground. The PATCH code
(featuring an electric field integral equation surface patch
formulatjon) produced the calculated valuas. This provide us
a benchmark for a comparison study of wire grid and magnetic
field integral equation surface patch modeling via NEC. The
nesr fleld capabllity of NEC was exorcised for gaining
experience in predicting RADHAZ conditions for Navy HF
shipboaxd antennas.

Early indications for whips-on-boxes suggested three
things :

(1) Surface patch nodels were preferable from a
conmputational afficiency standpoint when the whip was mounted

a quarter wavelength away from edges.
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(2) Wire g¢grid models required mora computational
resources but waere necesgary for aedge- and corner-mounted
vhips, and

(3) The coarseness of the uniform patch cuxrent model
and the discret«ly distributed currents of the wire grid
model gave cause for apprehansion concerning the correctness
of the near fields they produced. In this axercise, howevar,
the NEC-produced near electric fields turned ocut to be quite

credible when modeling parameters were carefully salected.

A developmental varsion of JUNCTION (a new wire-patch
code) was exercised Jor near fields and the results compared

to those of NEC.

INTRORUCTION

The admittance and the electric near fields of a
monopole =antenna (2/5) mounted on a cubical bcx (3/3 per
side) over a perfectly conducting ground plane as shown in
Figures 1a and 1lb were evaluated using the Numerical
Electromagnetics Code (NEC) (1,2). Surface patch and wivre
grid models of the box were employed. The mnonopole was
poritioned at the center, the edge, and at a corner of the
box top surface. The results from NEC were obtained and
compared with experimental data and xesults from PATCH
another independent electromagnetic modeling code [3].
Contour and 3-D amplitude and phase plots of the near

electric fields are presented for the surface patch and wire
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grid modals and conclusions are presanted. Efficlency and
computational resource demands are discussed for both
approaches and guidelines are prasented. A naw version of tha
PATCH code, JUCTION, 1is discussed with some comparative

preliminary results.

BACKGRQUND

Monopoles are oftan used as antsnnaz on the Navy
shipboard topsida and are located near edges and cornerz of
the super-structure. Measursments and PATCH code results have
been praviously reported for the admittance characteristics
of a monopole antenna mounted on a simple conducting cubical
box over a ground plana which simulates the topside
environment of a ship (4]). This approach can therefore be
realistically extended to predict RADHAZ conditions on actual
ship modals. This paper presents NEC adnittance comparisons
as vaell as further NEC results of near flelds using both
surface patch and wire grid models. Additionally JUNCTION
code results are presented and compared using some very

racent modeling exercises.

RESULTS

To find the optimum dsansity of patches, the nunmber on
tha top of the box was varied until convergerce was obtained.
For each position of the monopole a frequency sweep of 40%
(initial frequency = 1 GHz) was used. In Figures 2, 3, and 4
NEC results versus measurements and the PATCH code for
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admittanca for tha monopole at the centar, the edge, &nd the
corner ars prasantad, For the three different mounting
geojatries optimum NEC models ware found to be :

CENTER : 9 by 9 or 3) total patclios on tha top of the box
{9.001312 patch area), EDGE and ODRNER : 11 by 11 or 121
patches on the top (0.0009A2 patch area).

Tv plot the mnagnitude and phasa of the near electric
field for tha three different mounting geomatries FORTRAN
algorithms were devalopad using NEC output data. The contour
plot of magnitude of the total electric fleld is presented In
Figura S5 for tha =monopole at the center. The maln lobe
starts to davalop at a distance 2) (0.8 metars) from tha
antenna along the X axis with a maximum occurring at an
elavation angle of 60°. Box re-rediation and diffraction
causes a deasp null to occur at an elavation angla of 27° from
the box surfaca. A 3-dimensional plot is presented in Figure
6 In order to give better insight about the electric near
field vaviations. The phasa variation of the z-component of
the electric field shown in Figura 7 displays a spherical
wavafront pattern except for thea xeglon of the null. Wira
grid modeling of thase gaometries gave essentially identlcal
results to those above using surface patches. This attests to
the equivalence of tha two numerical techniques in NEC {less
than 2 dB differences).

The computer time required for the wire grid solutions
took six times the CPU time as that of the surface patch

solution for similar convergenca.
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An opportunity to test a new alectric field integral
equation surface patch code arcse. JUNCTION, a code bused on
PATCH but with tha addition of wires, was baing extended to
includa neaxr electric field calculations (5,6). A preliminary
varsion was provided by Professor Db. R. Wilton of tha
University of Houston. Tha initial problem input: to JUNCTION
was tha monopola center-mounted on the& conducting box as
shown in Figure 8. The near fleld results were totally
unrealistic compared with thosa of NEC. Input admittance
valuas weras also in arror as seen {n Figurae 9,

Utilizing nmore basic geometries produced very good
agreenent with NEC and MININEC for simple dipolss and
monopoles as shown in Flgures 10 and 1l. As can be observed
from this fiqure JUNCTION needs 20 sagments to obtain
convergenca similar to MININEC for the sarce geozetry. An
exampla of a whip on a flat plata in free spacea from the
JUNCTXON Manual (6] ylolded excellent results, as seen in
Figures 12 and 13 for conductance and susceptanca. Retrying
the input data sequenca for the whip on the box (increasing
the patch 3nd segment daensity) did not help the injtial
prcblem. A careful check of the input geometry and the output

listing did not reveal any errors.

SONCIUSTIONG
Surfaca patch and wire grid modeling techniques using
NEC can both be applied to accurate near field prediction of

antennas in complex environments as demonstrated in the
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prasent study. Guidelines for both models have been developsd
in this paper, as well as tha results of the near field
behavior of the wmonopole on tha conducting box. This
information can be used for future investigations on "ship-
like" structures (2].

Although this initial test of the JUNCTION (near field
varsion) code was not succassful, the basic JUNCTION code has
been ghown to pearform as well asz the PATCH coda (3].

Onca the explanation and correction of exrcrs is found,
JUNCTION (near field version) should be most useful for
cases such as open structures which NEC's surface patch model
cannot handla. Tha JUNCTION coda seems to Tequire more
unknowns per squara wavalength. For example, the conducting
box/rmonopole madel of a 6:5 patch top surface, four 4xé patch
sides, and a 15 segment monopole xequired 424 edges

(unknowns) compared to 265 foxr NEC (2].
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EMPACK: Building Block Subroutines
for the Method of Momants

D. R Wilton®, 5. V. Yesanthinrao,
C. M. Cheng, and R. M. Sharpe
Dept. of Electrieal Engincering, University of Houston
Univeraity Pack, Houston TX 77004

1. Abstract. ‘The basie stepa In the solution of electromagnctic ficld problems by the method
of momecnts aze the following:

o Reading in the problem geometey Information and other problem patamcters, and setting
up any auxiliary tables necded to fill the motnent matrix.

o Asembling the moment mateix,

o Assembling the tight hand side forcing function

o Solving the resulting system of equations for actual or equivalent soutecs,
o Computing desited spuantities from: the sourcas,

¢ Writing out problem Input and computed daia,

EMPACK ia a library of FORTRAN subprogeams cutrently belng developed to perforin most
of these Lasks, For example, it contalns a sct of aubroutines to read in data describlng dis-
cretlzed contours, surfaces, and volumes in a standardized format, For contours, provisions are
made for simultancously specifying sovesal segment atteibutes (s.g,, wire radii, segment eadius of
curvature, or sutface fmpedance), and node attributes (e.g., voltage sources or lumped loading
Impedances). Similar provisions are made for specifying vertex, edge, face, and cell attributea
for suifaccs and volumes. To ald in the matrix asscmbly, subptograms are belng developed to
Tdentify and tag contour and sutface junctions, and to sct up tables mapping potential Integeal
contributions from source and observation point palrs defined on nodes, cdges, faces, or cells,
to appropeiate moment matrix locations, Other mapping tables, such as for defining trecs and
loops for the decomposition of basis functions into divergences and cutl-free pana, aze planned,

A st of subprograms has already been developed to evaluate potential integeals and their gra.
dienta for uniform and lineatly varying source distributions defined on simply shaped domains,
Such domains include linear wire and cylinder segments, planar teiangular and rectangular aur-
faces, conleal segments with exp(jmg) phase variation, triangular prisins of infinite and finite
extent, and rectangular and tetzahedral cells, Practically all electromagnetic field quantitics ean
be expressed in terms of these integrals,

Since EMPACK can perform many of the subtasks required in the method of moinents, it frees
the code developer from being overly concerned with the details of the task, leaving him to cons
centrate on the anslytical and numerical formulation of a problem. Its flexibility also allows him
to expetiment with alternative numerical approaches. And while the tesulting code cannot be
optimum for a specitic problem, it can serve as a developmental platform and a validation tool
for a more problem-specific code.

2. Numerical Representation of Electromagnetic Ficlds. Eleclric and magnetic fields
can be represented in a standardized form that requires only the computation of scalar potentials
and their gradients due to piecewise-linear and piecewise constant source distributions on simply
shaped domains. The expressions obtained are valid everywhere, inciuding in source regions.
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We first JeBine the symbel D 10 reprosent a domaln whieh may be cither a cutvs (€), » autlace
(S}, ot a volume (V). For numetical purposes, we prosuine that € Is approsimated by plecewls
lincar segmentss that $ i3 approximated by planar sriangular of rectangular patches, conleal
feusta, of tubular seguients; or that W Ja approximated by restangular, teteahedeal, or right ui
angular peismatic rella, ‘The segmenta, patches, frusta, or eolla Juto which T Is divided aze ealled
clements, Fig, 1. attompla to deplet a palr of adjaccat elomenta with a conunon element subs
boundary i, It D 8, the figute might repreent adfacent rectangular and Selangular elements,
ot poeaibly adjacent tubular and conleal clementa, 16D = V, Tt inight represent the side view of
a tectangulae cubie or a peiam adjacent to a sccond peism. Strctehing the free vertieed of these
elements to infinlty in directions cither transverse or normal 1o By rosulu I Infinite stelps of
Tns Infinke paiss of trianpular ot rectangular cross scction which are wicd 10 mode} eylindieal
seuctures, 1D m €, we shrink 2y to a polnt and view the figute aa reproseating two avjacent
Hue segtnents,

1 & homogencous, botroplie, source froe msicrial region, all ficlda may be computed from equlva.
lent clecteic and for magnetic sutfage currents on the teglon's boundasics. Inhomogenoous tegions
may be represeated In terms of volume clectele and msgactlc pelasization cutrents, If theic curs
renta ate known, the slectromagaatic problem can be reduced to the computation of ficlds from
theie curreate, Bn a solution by the Mclhod of Momenta (MoM), howeves, these sourcer are
cquivalent sources which hecome the unknowns fn an Integeal cquation formulation, The com-
putation of electng and msgnctie fields due %0 those vquivalent cutrenta Is moss convenieatly
petformad by uaing clectromagnetic potentiale, Hence we are lod o consdder the ficlda due to
clecttic currents Jp and magactle curtents Myp tepiosenting line, susfacs, o volums cutrenta
for D = €,5, ot Y, ropectively. ‘The fiedda ade given In torms of magactic veetor, clectsic scalar,
clectelc vector, and nagnetic ialar potentials A, &. F, and ¥, respestively, as

E= —juA-VO-%V wF ) )]
H = -,:ur-vn;‘;vm @)
where
emitR
Alr) = p /u To(e') ot @)
F folr')mndD’ 1
(r) = « f Mot )
1 et
o) = 1 [ ole!) v (®)
- 1 ] iR
¥(r) = " /Dmp(r )T;-Ii-dv'. ©)
The charge densities gp, mp are related to Jp and Mp through the equaiion of continuity,
1
to = -;Jvn~1v (7)
mp = =aVp . M ®)
D= jU Deidp,

with a suitable interpretation of the divergence operator. Any electric or magnetic currents
proseat may be approximated by means of a linear combination of known functions A {basis
functions or expansion functions). For the electric current, for example,
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N
To(r) = 3 Jad(r) (%)
L1 31
whete the constante J, eeprescnt the cutrent ctaming the boundary £, between and ditected

from the element ADe 10 AD,a of Fig. 1. A basis function AP {3 assaclated with each By and
in dafined a3 follows:

k) g:" W in A’Dﬂ%
Anlr) = { 0 ' otherwise, (o)

It can be shown that A2 ean be reprosented sa a linear combination of vectors of constant
direction and Hacaily varying smplitude as,

s
1250 _‘__‘ ol
el wp DLUIEE ()

where £4 are Hucar vectons associated with the edges of AN« ot belenging to By as shown In
the Fig. 1, and the &, are normalizsd coordinates which vary lincarly actoss AD,a. Substituting
Jp froin (9) In (3) 10 obtain

N iR
v, 0l 1
A = e RGPy (12)
Subatitating 42 from (10) and (11) In (12), we obtaln
N tos b lom ¢
atr) m S [ Barlie 3o 4 3080z v (3)
anl T hys T [

whete {02 §s defined bielow, Since

AP é{:ﬁ- y 70 ADya
Vorde = {0  otherwise

= %:’-:-l!.ﬁ(r) - :;-:flxy.(r) (4)

where 110, (v) Is a unit pulse function Tn ADya, tie quantity caa I defined as

din(ADpaa ), on simplex domaina,
Tnt = { lon tecl'x\mgular or cubleal domalns, (15)

and dim(ADya ) i the spatial dimension of ADya (= 1,2, 07 3 for D = £, 5, or V, respectively).

Thus dn)uge distributions are approximated as plecewlse constant, We have from (8), (7), (9),
and (14

N
20) = Fo 0 [0 m0 ) - S22 geee ) as)
na} " n=

where y30u4 i3 defined below. From (13) we obtain

L LS N Jow ot
VXAL) = 1) dn [}: TR ) % o+ 3 20 () x 4-] 07)

fu} (L1 inl

and from (10),
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CHr) = -j-_‘.-‘-?;: In [M Ty = Ty . (18}
Udsig (13), (17), and (18) In (1) and (2)s we ean compute E, I for eloctsie sourect. Similae

exptossions for the contributlons to these ficlds fromn any magnsticsouscos present can be obtalned

by duality. A kay observation Ia that the problem of compating the Bields is thus redueed 1o the
craluation of acolar potentist infegeuls doe 10 linear end constant zonree density distributions,

A0, { -t
W= [ St (19)
and
=ft N
AD, L
WOV (r) m o TP 178 (20)

and teir gredients, For efficiency, o7 Pt $aD

ouily,

EMPACK custently Includa FORTRAN subprogramas to commpule atat

» 81 thelr gradients are svaluated smulizac

le and dynamie wealar

potentlal intcgrals for linear and conatant saurce deasition over the following domatna;

¢ Wite scgmienta

o Steip scgments

* Coanleal frusta with of™* clreumferential variation
¢ Rectangular patches

o Trisngular patehes

o Tettahedea

o Rectangular el
* Triangular prisms

Indeder to model suface vettex Junctions, the potzy
patch la also avallable, The static form of most of

forsn (2],

3. Examiples,

In the following sections we s
trent several specific casce,

31 Electmatndca—Couducﬂn‘Body Char,
of electroatatics follow from the p

Thus, we have,

atlal due to & 1/p distribution on & triangular
the above Integeals may be written In closed

how how the results of the previous seetion may be specialized fo

ged to n Constant Potentia). The equalions
revious section by stting all currents &nd the frequency to 2eco,

E = -V

where

()

¥r) = } /D ,p(r')r,:liep'. (22)

As Implied by (14), a plecewise linear approximation to the chas
of the pulse functions N2(r), Hence,

o(r) =

86 may be represented In termns

N
3 0al12(r), (23)
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whez ¢a [t the thasge density In 8D, and
1200 = {§ shemdr @

In teetns of ga, the potential In (22) bcomer

) = g ?:“,‘w“’%r). (25)
whete

w3 (r) = L o -!_rl—l-t‘m" (28)
Henee £ can be computed from

ve(r) = %é“wm("' (7)

An Integeal equation for unknown chiarge deasity induced on the suface S of & pecfect clecttic
conducior (PEC) charged to a spicificd potenitial V is now casily obtalned, Since the tangential
electeie fidd must vanish on S, the scalar potential & must be constant there, Hence,

#(r) = V. (28)
‘}‘Zn{o:dn; Uhis condition at the centroid v of each clement and cimploying (25), and (28), we
ave
&
T D ta¥T(r) = V. (22)
nul

Figs, 2 and 3 show chazge density distributions on a #at steip and on a Teshaped stely shialned
Ly wlving (29). For this case W30 peduces o

¥ (pa) = ‘i‘? /,,c 10 = Pl (30)

3.2 Electric Field Intogra! Zquation for TM Llumination of an Infinite Conducting
Cylinder.  Conaldst the apecialization of {10) to the ease of seattezing by a PEC cylinder
Hlluminated by a ficld Incident normal to the eylinder axis and polasized TM with respect 10 the
eylindzr axis, taken to be the z-axis, The cylinder crost section in the 2 = 0 plane is described by
ihe contous C, approximated by a serics of plecewise linesz segments, AC,. With the excltation
and polasization specified, cutrent Induced on the Infinte eylinder ia directed only parallel to the
2-axis, The contour seginent AC may now be taken as the boundary hetween two zectangular
cells extending from 2 = =A 10 2 = 0 and finin 2 = 0 10 2 = +h, respectively, and the infinite
¢ylinder s obtalned by allowing A to approach infinity, The basis function defincd with respect
to the clement boundary AC, thus bizomes
s i 2% pinAGh,
Aty = 4 5F otherwise,

= Zll(p), (1)

where p is the projection of r onto the plane 2 = 0, and 1 (p) is the unit pulse function defined
on AC,. Sinze

b = | =20, pinac,
Vs: 4y = { 0 ' olhuwiﬁe: 32)
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elearly no astface charge donsity I proent fa the ‘T polatization and hento the walar poteatial
# vanlshios, Substitution ef the expansion (31) for the sutface cuttent denalty Induced on € into
(12) and use of the Weatity

e=IX 3)
[ s m gyttte- 1) (32)
yiclda for the veetor pou:mhl of the sealtered ficld,

A(r) = i}‘ﬁ;hv‘“’ (r), (34)
whete

wto) m gz [ Hete= e (3)
Henes the clecteic field seattered by the current Induced on the ¢rlindet fa

E'(p) m -)’wf-iéi.vﬂ"“ (#). (34)

An Iategeal cquation for TM exlinder Kattering In cbialacd by eaforcing the boundary condition
that the Kattered ficld exaztly cancel the incident field on the cylinder at the conteold p,, of
each segimeat ACw?

N
ju;uz.l.\)“'(p,.) w Bi(pa)y mul,2..,N (a1

4.2 Electric Field Integral Equation for TE Jlumination of au Infinite Cylinder. For
a ¢conducting eylindet Hluminated by o 'TE polarized incldent ficld, the current can be expanded
Ia terma of trisngular baals functiona:

N
o) = Y Juda(r)

whete

A(p) a { ff“o pln ACu,

0, otherwise,
In terms of Jocal coordinates Eaa, however,

222' = rfa‘lﬂh

an hence u.e veetor and scalar potentials of the seattered field are given by

N
Alp) = ;JEJ,. [h Ty d( )+ ‘n- ¢_ "(P)]

and

*(p) = isz [——vﬁ“-’(p)-—-@“-'(p)]
where
AC & - 1 (%)
e = g5 [ Gt Elo= o
k]
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Upan substitution of the cuttent tepresentation fnto the EFIE, and Intcgiation of the rotult
Between 1hs 2eattolds of adjacent clements, we obtaln an N X & syatern of lineas equationa:

{Zaallla] = (1)

whete the mattlx cloments Zua ate givea by

ZM - J"’l' ou lqb . “(ﬂgg)"'l‘“ s dam AC.-(‘,“
+-—--‘*"’*‘ Vi (oo 5 Lt ¢ 025 (o)

[—-a“-w»:..)-;;é“« (e5e)
—E e o)+ e o]

A shinllar soule holda for sutlaces and wiren; for seattering by wires of radius a(r), for example,
we increly teplace pf, by S a3 the patentiale are replaced by

IR

ae, 1
40w g [, o [ ]

and

8L, ! ki '
pEA(r) = I:n(r),/“.t [/, Frrad b

4.3 Maguctic Fleld Integral Equation for TM Rlumination of an Infinite Cylinder.
The MFIE Is detived from the condition that the total tangential magnesle ficdd Just Inside the
sutface S of the seatierer Ia ero, Thus, for the TM case,

L(H+i) =0, (s9)
Point-matching yiclds
Las HYpo) = ~HipR), Pa €ACH (ust inside ACW). (39)
For this 2ase we ean expross the magactic voctor potential A aa
N
Alp) m 25 pinst(p) (49)
aRl
and henee we have
N
VXA(p) = =ix Y pulVeaC(p), ()
b3 M

Froin (39) and (41) we thus have

N
2 daiim s 9% (a3} = Hile7) (42)

aul

since
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£

=

Z:(ixVy})-(in)-V\&-ﬁaVé-%%, (1)

Fig. 4 Musteates the lnduced currenta on a square eylinder Muminated by a “TM fncldent ficld
obtalned by solving (43).

4.4 Magnatie Field Integral Equation for TE Nhuulnation of an Infintta Cylinder, 1a
the caie of TE Hlumination, the Induced suitface current has only a citcumlerential cotnponeat
and hehice the weattered magnstic field ficld i entlrcly mditettcd. Setting the magustic field so0
10 Juat Tnaide the exlinder coous scction yields the magnetic field Integeal cquation,

(e n) =0 (44)
For thia ¢ase we have
N
Alp) = 3 IZavdS(p), (43)
(] 1]
and
N
VxAlp) = =3 Julx T93C(p) {49)
LY 11
from which the magnetic ficld s found from
I = ;‘;v x A )
Recogniting that
Foly X VUmEX L Vdm=it: T, (48)
Polntmnatching Its the rejulting Iategral cquation yiclds
n
3 datia OPOCpR) w =Hli(en) P GACH (ust imside AC), (19)
an}

Fig. 5 shows currents fnduced on a squase eylinder flluminated by TE Incident Rield obtalued by
solving (49),
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JUNCTION: A Computer Code for the Computation of Radiation
and Scattering
by Arbitrary Conducting Wire/Surfuce Configurations

Du R. w“‘oa.’ “d 5. U' "““
Deépt. of Electrical Englncering, University of Houiton
Universlty Pack, Houston TX 77004

1o Introduction. JUNCTION, a eamnputer code, tesslta frotn the application of numerical
procedurce described in thia paper which lavokar the method of moticnta 10 solve & taupled
eleetaic fizld Integenl equation for the cuttents Induead oa na aibiteary coafiguzation of perfectly
tonducting badict and wited. An Iinpotiant featuse of the ¢ode la Je abllity 10 treatl wireton
wite, sttfacato-sutface, and witetosuifaze Junctions, Witel may be conncted 10 sutfatei at
ssctitially atbltzaty anyles and may be attached 1o sutfate edgal o8 vertlior, Roiulta obtalned
thaing this algorithin arc fa the form of elesteic current and charge densition and far- and neaze
ficld patterni. Fig. 1 depicta a typieal coaducting wire and kody configueation which might be
tzeated by JUNCTION.

2. Formulation. Let § denote a configuratlon of palectly condutting sutlaces Tnmcteed
in an Jacident clectromagnctic ficld. In goncral, S may conslat of a ¢ollextion of conducting
bodict (Sy)and wires (Sw). An slecitic held Y, defined 10 be the ficld duc to an Impromed
wueze ba the abacnce of S, 14 Incident on and Inducot sutface curtent J and totsl curtent } on
Sp and Sw toapectively, A pair of coupled fetegeal cqustions for the enfiguration of witea and
Lodion 1aay be derlved by requiring the tangential component of the electzic ficld to vanlsh on
each sueface. Thus we have

Elm (A +T¥)n, rons )
whete .
# e ir I IR
am g [] 15 | st @
! b 1 dl R
= Jmc'[ e © TR 5+ e Tea(r) o8 R "s‘] @)

and R & lr~r'} s the distance betwoens an asbitzasily located cbscevation point r and a soutce
point +' on 5. In (2) and (3), k= 2, where A I the wavclength, ju and ¢ aze the penmittivity
and permesbility, capectively, of the sarrounding medium, 2 Is the are length along the wire
axis, and a ts the 7adius of the wire.

3. DBasis Functions. A tlangular patch model of Sp and a linear tubular wgment moddl
of S Ia aseumned (e.(. Figa. 2 and 3), Baals functions sultable for reprosenting custents induced
on Sy and S aze given by

,;k
rin S22
Ay = { BETT “

0 10therwise

whete, aa Hlustrated in Figs, 4 and 5, S3¥, 7 = B or 17, Ia the & refetence triangle or segment
attached to the nth edge or node of a body or wite, reepectively. The height (lengih) of Spt
relative to the nth edge (node) of 3y, 7= B (V) is A2 , and g% 1a (1) x(vector from the free
node of S3E tor), A wire-to-sutface Junction is assumed to exist only at & triangle vertex, The
sutface divergence of A3(r), which is propostional Lo the surface charge density associated with
this basis function, Ia
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Releeting 19 Fig. 8, the vector bacle funztion assselatod with the nth Junction l
s (LA ‘
Ku [l '(;T‘”z%: )’] Aulr) rin s:l

v" r}j=a
- A(e) Jrin Sl

©

° ;“’WJ";‘Q

whete the double Index nl refers 10 the Itk triangle, S7¢, At the wih Junction, AX(r) ned b1}
are the body basia function and veetor height, tespecilvely, amocisted with the edge opposite the
Junction vertex Ja S7F. Tha total Rux froem the Jusction teisaglos Into the wite i noctualited to
ity If we chooee

©al - Bal (7)
lql a‘z.‘ 04t ’*w.u

whete 60 14 the argle between the o edgo of S7F caminon 10 the nth Juaction vertex, and o},
1a the sutns of the nth Junctlon veetex anghat, My« fa the number of patchos attached 1o the nih
juaukui"ﬁse withace divergence of A2 (r), whick 1s propoctionl to the sutface chinrge density,
14 given by

Kam

2&!}2‘! Wria s:u'l‘
al
LAV H O __;___ sringl- (8)
hy
0 sOthetwiie,
The eusreat on the sutlazor Sp nny now be teproscuted aa
Na Ny
Jr) n 3 IRAR) + T HANe) ronSy, ®)
nal anl

and the total axial cureent o the wite may b repsesented as

Hw Ny
)t o 35 0XAY () + 3 1242(e), ronSw, (10)
nel aul

whete Mg, 8 a0 B,4W, or J is the unknown number of bodies, wires, or Junctions, respectively,
Nota that sccording 10 (5) and (8), the sutface divergence, and hence the chazge, la constant on
all body, wite, and junction subdomalns.

4. Resting. To eafoce the Integeal equation on Sp, one may Integrate the vector compo-
uasit of (1) pacallel to the path from the centroid of SA* 1o the middle of the sdge 2% and thence
1o the centroid of SA=. A sirllar path ta used on wites between the centers of adjacent wire
sgments. At a junction, we first Integeate the tangential eleciric field along & path from the
¢entrold of each junction teiangle to the junction and then along the wire axis to the center of
the attached wire segment. The resulting equations are thea combined Into a single equation

M




[T SR

for the function by welghting each with the amociated triangls vertex angle, and summing the
results for eack Junction patch, EY and A ate approximated along each portion of the path by
thelt torpective vatucs at the centrolds, The integral on T reduces 1o a difference of the sealae
potentials at the path sndpolnta, With 28, y = B, W, 0 J, a4 the vector path segrncnt, we thua

have
F[A(eX)- G £ AGrX) L7 ] 4 [9(r2) = ¥r2))
= (£ Q) + Eie)-6T ), (@)
mm )20y, Dol

and

Ni=
LY ot [fadtr i) €23 = )] 4 JoAUZ) 45 # o
" 1a}

Nym
= g L om eIt + B8 )
" u}

m 2.,

Uslug the soutce expansion defined i (4) and (8), we obtaln from (11)-(12) a st of linear
cquations whose solution yiclda the unknown cutrent cocfficients, A detalled derivation and
cotnputation of the ayatein cquations can be found in {1).

3. Calculation of Near Fialde, Since the near electric ficld is dominated by the contrls
butlon of the scalar potential, the computed result is sensitive to the basis function reprasenting
charge denaity, To demoniteate this point, two different basis functions are used to repreaent the
charge density and their computational propertion are illusteated.

5.1 Chiarge Represeutation, The constant charge density on the nth triangular patch ¢#
(or wite acgment o) In computed from the total surface cutrent out of a triangular patck {or
wite sgment) by utilising the continuity equation aa

. Yoladi+ k)

-1 -

q,{'v}-;v..:n-;; J y , and (13)
| lEh
Q.Y:?;V-IZN-;:;-—!-"—, (H)

where J; {s the outwardly directed cucrent density across the ith adge (with length of &) of
tha ath triangle and A is the azea of the triangular patch, J/ Is the outwardly directed current
through the ith vertex (with vertex angle a;) of the triangle, k; = 9—:—. a' is the sum of the vertex

angles at a junction, and /; Is the outwardly Jirected current from the nth wire segmant of length
k. To establish a linear chasge representation, one can obtain the charge on the nth patch vertex
or wite node by averaging the charges in the adjacent cells as

PIITH T
. d Wa = e
= );A, v and ¢ 2’:‘,‘!’ 8 (15)

45

e — A S e s s

o —




AN e A 3 Ay, T

) s
fenzsa
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l,,; stszhed 10 ths nth bady vertex geite mode)s A linwsr repraeniation of the Ziatge
Sz ou 4 Uinagshs patch {ulre segracnt) bs tase obitalned a4 o lizear combizzion of the
Dratpe valugs 3t tare tilanguing verilo (Gwo wire nodal :

3 3
WBe) = o ha, sed Wiy m S G0, whee Luiof kL (19

s in: M
Tha ssalse potontlal of (3] thuy becornm
1 [& 2 Y] by 1 . ittt )
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Sinez (hz sagaitude of the normal elesielc Reld ls proportionst Lo the sutface charge donaity, this
eonwiant chatgs yepromptation witi Zsum a siep discontinzity in the noeral chectris field disectly
5% the wutlagae, wherems the fineat chargn septesentation produces » simooth (linear) vasiativa
ol the norzaal component, T disadvantage of tas aumerical mosthing e that 3 takes wiace
evens when the Charge shosld not he manocoth, such as at cdges o5 near souzcos, In 34ditnn, thy
snopihing srovided by tfie linear charge soprusmniation tends {0 Jower the pesks and devate the
valloys In ihe chasgs distiibution whes the sampling denalty ia low, In e cares, if one ignsies
the steg discentizaition, the constant danege tepresentintion may provide motr, radastie comlts,
213 for this 128200 the conetast chiatgs reprosentation I inade sz onilon iv tks code

The nezmstically tomputed iaagential chicizic feld at x suzface [s oven pocrer behaved thais
the norinsi compontnt, The computed tangential Reld ta theoretically Indalre at disontinuliies
elthrs I the chaezz 2t b It llopa=ronly charge basls furcilons wiik contiavoun derivativa ¢oy
peiduce a stk Langential field; uafortunately, suck dizis functions would demand 1hat the
current have second derivative aontinuity, The tangzstisl field compated from Unear charge dis
tributions, bowever, does epzenr 10 be conmldznably mnsother 1an that of pleceviisz corstunt
reprzmentziions. And the infinlie cax e diminated if finite diffcrences are usd Lo agptoxi-
sante tae gradient of ihie sealar poiestial; sivte the ucalar potential is p:n00th, 11 diffe;ences are
guzeanteed Lo be finite, For this reason, the Balte differnnce approach desctilid In the following
section s uied Ju the code,

8.2 Névr Flulds Representation. The vestor and -walar potentinls 4 and # may be czin
culated ot any point in space actzeding the formulas of the previcus cection. Finite Jifesences
mzy (e bs used to spproximate the gradient and curt opexalivg or, sczlar and vector potentials,
s5d hanes 10 detetmine the neas eleciric sud magnelic fields 4t % given point, For example, the
2+ gomponent of glectric ficdd can Le aporoximnied ay

0 ae

Er = ~joe + 2w =jds 4
ré —i‘i”A (7;'/’:0 3)-+.A( -A‘ ))
2\111'1'—4,/: s x W)

. . ae
T F Byt by ‘l’tz-ét.:/.:)]}. (18)

and szallesily for the z- component of magauetls field,

TNelther siw; plecenise consiamt 20t Uad plecewloe lineor represeniation can provide much information in the
near noghborkood of an edge since the morarl dectric field o InRnlte there and 4 alngular basls function le
required 19 regasducs Lhis behavior correctly,
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JUNCTION always compulon scalar and vector potentisls simultancoualy, and hence to avold
exconsive computation when only the vector potential at (2,y,2) Is necded, it Is approximated
by s average at the neighboting pointa (2 3 Ax,y & Ay, 2k Az).

6.1 Current and charge distributions. Fig, 7 Hlusteates the current distribution near the
Junction of a circular disk and a monopole attached at the center and inclined at an angle of
30° to the disk axis. The length of the monopole, and the radius of the disk are « = 0.333),
The radiva of the monopole is r o2 0.001a. ‘The reault Is compared with the curtent disteibution
obialned by solving & magnetostatic ficld Integral equation for an infinite disk with » similatly
inclined semi-infinite Alamentary current altached to ita center {4]. Since the magnetoatatic re-
sult gives the shape but not the magnitude of the current distribution, a complex normalising
conelant is chosen 20 that the magnetostatic current Interpolates the dynamic result at one point.
Also shown is the uniform distribution that would result from taking the current in the wire and
distributing it uniformly about the disk, Figs, 8 and 9 show the computed current distributions
on & clrcular eylinder with nonopolon attached to the center of each endeap and driven at the
attachment point, Memuted results by Cooper (5] aze shown for comparison, The diameter and
the height of the cylinder are 0,254 or 0.54, The wire radius ia 0,007 and the lengths are 0.125)
of 0.25), Charge distributions corzesponding Lo these slinilar cases are shown in Figs, 10-12,

6.2 Input Impedance. Fig. 13 shows the input adimittance as a function of frequency for
a monopole attached to the center of a flat plate and fed at the attachment point. The lengih of
the monopole is 0,421 m, its radius is 0.0008 m, and it is oriented normal to the 0.914 m square
plate. The results are compared with those calculated and measured by Newman and Porar
(6). In Fig. 14 is illustrated the input impedance versus frequency of a monopole inclined at an
angle of 60° from notmal and attached off-axis on a circular disk, The results are compared with
measurements by Mazin and Catedra(7).

€.3 Fur Field. Fig. 15 shows a 0.25) monopole mounted on a sphere with radiua 0.2\, The
compared resulls are computed by Tesche {8). Fig. 16 shows the radiation pattern of a wite of
length 0.5) and radiue 0.007) attached to a circular cylinder with diameter and height 0.25).
‘The measured results shown for comparison are by Cooper [5).

6.4 Near Field. Figa. 17 and 18 present numerical tesults for normal electric and tangen-
tial magnetic fields along a citcular cylinder on a perfectly conducling ground plane with a
monopole attached to the center of its endcap. A unit voltage source drives the monopole at
the attachment point. The cylinder radius and height ate both 0.0617); the radius of the wire
is 0.001) and its length is 0.218). Results computed by Teai (9] based on a Fourier transform
approach for treating the wire and the use of a set of equivalent currents for the body are shown
for comparison,

Fig. 19 illustzates the geometrical parameters for a circule: coaxial resonator, the resonant
fielda for which are considered in Figs, 20-24. The innet conductor of the coaxial line is a thin
wite. The cavily radius is 1 m, the length of the wire is 2 m, its radius is 0.001 m, and it
is attached to the centers of the top and bottom plates of the circular cavity. This problem
sctves ae & rigorous test of the near-field computational capabilities of the code since a closed
form solution for the cavity fields exists and since the geometry includes a thin wire, a curved
surface, and & wire-to-surface junction. Questions of solution accuracy and difficulties with the
large malzices needed to very accurately model the geometry can be eliminated since the cavity
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cuttents are known in clowed form und can be given as input valuot 10 the subtoutines usd to
cotnpute the near Relds, Thia any luaccuracion in this computation are due solely to ctrors in
geometry modeling and in approximating the curtcnt with basls functions,

Fig. 20 showa the ¢-component of the magnetic Reld, My, for TMax modes of the coaxial line
eavity, along the dashed Hne from point C to polnt D of Fig, 19. To Nlustrate the dependence
of the chectrie ficld neae a conducter on the charge expansdon functions, the axial component of
the clectric ficld, £, just above the conductoe plate, has been computed along the dahed line
from point A to point B, The tadial component of the clectric field near the Inner cunductor ham
also been computed along the dashed line from A to C. In Figs. 21=24, we sec that alnce the
magaitude of the normal clecteic field Is propoetional Lo the sutface charge denelty, the constant
charge reprosentation produces & atep discontinuity in the notmal clectric field, whetean the
Jinear charge tepresentation produces an averaging cffect which tends to smooth out the step
discontinuity, As with any amoothing procem, however, the peaks and valleys In the charge
distribution will not be falthfully reproduced If the apatial resolution Is not sufficiently grest,
‘The ascuracy can, of course, be improved by subdividing the region Into smaller subdivisions,
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APPLATATIONS OF TNR YTLN NSYNOD TO RICRGHAVR CIRCUITS

Re KRG Ranson
wWatkins Johinson Congany
3133 Hillview Avanie
Palo Alt CA 94304

-Ahgiraet

The modelling of =ultiaxial discontinuities is cne of the most
challenging problems in microwave circuit analysis. Rscent
advancefri in  computers and numerical techniques have made
soluticns to basic fleld =tructures possidle and these have great
potantial for =alving microwave clrculit problems. Of the several
mathods avallable the Tranmission Line Satrix is attractive
pecause it offsrzs .a highly flaxible, mathematically straight-
forward-mathod cf solving the generai three dimensional bounded
structure that dis common in microvava eircuits. The purpose of
this paper is to ‘iidustrate the practicality of the TLM method
with a realistic microstrip prcblsm: Then tc show tha most recent
improvements to the basic algorithm and t&-2discuss the potantial
applications £ this method taking into account iuture improva-
ments in CPU power.

TIM Basics

The Transmission Line Matrix (TLM) method can be catagorized as
a finite difference, time domain, modelling technigue. Xt uses a
network analogue approach to solving Maxwell's Equations in time
and space. This analogue is based on the commonly known equiv-
alence between the intar-relationship of propagating electro-
magnetic fields and that of voltagjes and currents along trans-
mission lines {1,2). The mathod employs a ®mesh of nodes inter-
connected with uniform transmission lines that model the
electro-magnetic properties of the original structure. This
leads to a general, elegant algorithm that tracks the time
domain propagation of impulse functions through the network.
Thus, the equivalence of voltages and currents in the network to
el:ctiic and magnetic field quantities produces the desired field
solution.

The correspondence between circuit and field parameters can be
illustrated by considering the TLM node structure as originally
proposed by Johns (3]. Each point in space is approximated by a
small cube as shown in figure la. In turn each cube consists of 3
series and 3 shunt nodes connected by transmission lines (figure
1b). The two types of nodes are shown in more detail in figures 2
and 3. In each case the short interconnecting transmission
lines are approximated by LC equivalent circuits. Application of

‘Kirchoff's laws at these two junctions yields differential equat-

ions relating the voltages and currents. Comparison of the equat-
ions in figure 2 shows a.direct analogy of voltages and currents
in the network with electric and magnetic fields as described by
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Maxwell's equations. Tha 5ame can ba seen in the aquations for
figure 3. Note also that even though each node is 2 dimensional,
the interconnection pattern shown in figure 1b provides ¢ nodes
for each basic cube which are oriented in a way that completly
Qescribe the 6 E and K £ield components in ) dimensions. Fur-
thermore, local permeability, permittivity and boundary con-
ditions can be added to aach node by the extra terms Zxx and Gyy
in figures 2 and 3 {4). A more comprehensive explanation of
these concepts can be found in two axcellent raview papers {4,5).

The TLM algorithm simulates time variation by computing the prop-
agation of impulse functions through the 3D network at success-
ive time intervals. Starting from an approximate excitation, the
algorithm computes how incident pulses are raflected at each
series node. Mathematically this is a scattering computation
which takes into account tha lccal permeabllity, permittivivy
and boundary conditions [6). Since the seriaz and shunt nodes
alternate through the mesh, these reflected pulses automatically
become the incident pulses to the shunt nodes. The time sccg is
completed by computing the scattering at the shunt nodes in a
manner similar to the serles case. These two scattering pro-
cedures represent the core of the TLM alguritham and it is because
thc;:dlzc s0 very simple that this can be an efficient numerical
met .

output data from the simulation can be applied in a variety of
ways. All 6§ E and M field quantities can be computed ot each
node and for each time step. 52 the quasticn is not what data is
available but rathar what data iz the most useful.

An Example Circuit

The microstrip cavity shown in figure 4 is used to illustrate
applications of the TLX method in microwave cizcuit analysis.
This structure was chosen because it has been analysed before
(7)., so it is relavant for comparative purposes and iz realistic
without being unduly complex. The problem is broken down into a
uniform mesh that contains 7x7x10 nodes in the (x,y,z) dir-
ections. A magnetic wall is used in the y,z plane to exploit the
plane of symmetry through the centre of the microstrip line.
This is particularly helpful as it reduces the number cf nodes
needed by one half.

The mode) is stimulated with unity value impulse functions for Ey
on all nodes in the dielectric and beneath the microstrip line.
Then the time stepping algorithm is allowed to run for 400 lter-
ations. Table 1 shows a summary of the memory raquirements for
this problem.

PEA———

-

W Ly ot b

Y,

kel



Mt v e

s

Table 1

‘Qurntity Reals Tota)

Space nodax 640 26 16,640
Time itardtions 400 i 400

MM W N
Total Keal Data 17,040

Susmary of Data Storage for tha Example Clrcult

The output is tabulated at each time step for Ey ax the node
2,5,6 under the microstrip. Then this data, which fx a time
sequence of the J{mpulses that travelled through that node, is
Fouriar transformed inioc the frequency domain (figure 5}.

The results show a resonance at & normilized frequency of 0.085
which corparxes favorably wuith #he results of other computxtions
(7) and measurements {8}, The frequancy normalization factor is
dL/v where <AL i3 the spatial axtep size and v iz the propagation
velocity in the TLM mesh siructure. For most applications this
is a simple linear factor but cara sust be taken as thig can be
non-linear in cases where the dispersion of the TILM mesh is
significant {5]).

There are other computations pessible with the abundance of fisld
information that is available with this method. A simple
extension of the procedurs above forms a practical method of
characterizing one port discontinuities (9). The length of the
cavity is increased; then Ey field data is extracted from a line
of nodes parallel to the axis of propagation. After Fourier
transformation this data iz analagous to the standard VSWR
mmasurement using a slotted line.

The calculation of circuit parametarx for 2 port structures is
also possible though more complicated {[10,11]. The f£irst
reference uses a contour integral of the H field and a line
integral of the E fleld to compute the circuit voltages and
currents. The second uses a Poynting vector approach to compute
power waves and hence the scattering parareters. Both methods
are subjcct to some approximation concerning non-TEM modes.

Finally table 2 shows a comparison of run times for the example
circuit on different machines. Computer power has increased by
more than ten times in the last fifteen years and thus these
types of computations have become practical on a personal
computer.
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Table 2

cpy Time Vintage
mins:secs year

Main Frame

ICL 1908A 15:00 1978

BN 370 1:30 1982

EC

e PC 13:09 1982

IB Model 3G | 1:49 1988

Summary of Computation Timex for the Example Clrcuit
Enhancements to tha Algorithm

The TLM algoritiwm is very simple and in its most basic form is
avallable in less than 200 linex of Foxtran [{10). Enhancemerts
fall intc two basic areas, First the input and output capahil-
icies of the research oriented programsz are very limited and so
pre=- and post-processor arrangements are valuable externsions.
Second (and more fundamental) are the Iimprovements to the algo-
xithm itself which lead to greater accuracy or sgpeed or both.
Two important schemes follow which deserve further discussion:

In any finite difference approximation, accuracy can be improved
by reducing the step size of the mesh. Unfértunately, this is
usually not very practical because as the step size dacreasex the
number of nodes increases dramatically with a gerresponding in-
creace in CPU and memory requirements. Mowever, it is common that
high accuracy is only needed in certain regions of a problem
where the boundary structure is complicated or whare the field
gradients are large. In this case a more practical approach ix
to employ a graded mesh scheme that provides for high resoluticn
in only some areas. Such a scheme has bean applied to the TIM
mathod and ix surprisingly easy %o implement (13). The cross
section shown in figure 6 lllustrates how this technique can be
spplied to microstrip circuits. The grading scheme thore rep-
resents a 40t reduction in the number of nodes when compared with
a comparrsble linear grading.

A new symmetric condensed node haz recently been developed by
Johns (14). It 4= shown in figure 7 and consists of a sirngle
rather complex junction of the 6 Jinterconnecting 1lines, which
are organizad as pairs of balanced transmizsion lines orthogonal
to each other. In one sense this model iz more abstract than the
earlier expanded node model but it has several advantages. In
the expanded node ( figure 1 ) the saparation of the series and
shunt nodes means that some boundary conditions are misaligned
bscause they are controlled by nodes that are cn opposite sides
of the cube. The new node cordenses all the field components into
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one point in space to avoid such difficulties and is superior to
pravious condensed node formulations which were asymmetric.

Finally it should be noted that the core of the TLM method is the
scattering computations that cccur at each node and in each time
step. Thiz amounts to a mere €0 line of Fortran in Akhtarzad's
original program (12) and so could be carefully optimized for use
on a particular computer. More significantly though, iz the
possibility of implementing this algorithm on a large parallel
computer. The scattering at each node depends exclusively on
local data and can be handled in parallel with a small overhesad
for communicating the impulses between adjacent ncdes at the end
of each time step,

Summary of Strengths and Weaknesses

It i3 true that the TLM method is attractive to microwave
engineers bacause the circuit analogue is rather famillar. In
addition, the general nature of the fleld compitations and the
guaranteed stability are very Iimportant attributes. Other
important strengths of this technique are the ability to
identify electrical network parameters which can be utilized in
more traditional CAD proceduras and the ability to simulate a
range of frequencies.

The main weakness of the TIM mathod is the necessity of choosing
some initfal condition and the uncertainty associated with the
number of steps nesded %0 reach a requlired accuracy. However, in
practice these axe not as limiting as might first be expected for
two reasons. First, most problems have a known dominant mode
which can be used as a good initial condition. Second the method
is absolutely stable so iteration time can be made very large to
start with and reduced as required.

Accurate solutions to microwave discontinuity problems may now be

possible with modern numerical tachniques. Furthermore the trend
towards more povwerful computers means that general purpose models

which retain physical interpretation, such ax the TLM method,

:Lll become more attractive as the computational overhead factor
ecreaases.
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THREE-DIMENSIONAL FULL~WAYE ANALYSIS OF PASSIVE
MICROSTRIP COMPONENTS USING THE TLM METHOD

F.J. German, H.D. Willlams, L.S. Riggs, M.E, Bagirski
Department of Electrical Engineering
200 Broun Hall
Auvburn University, AL J684Y

In this paper we apply the TLM method to the problem of
determining the [requency charscteristics of passive miscosirlp
circult  elements, A pulse excitation is used to excite the
structure, The frequency domain Information Is then obtalned via
the FFT of the Input pulse and the output., From this data the
frequency dependence of the structure can be determined over a
broad frequency range.  Thers: are several advantuges %o this
technique,  The first being that a single analysis using » pulsed
excitation ylelds frequency Information over 3 broad “andwidth,
Secondly, since the method s completely three dimensional and
material parameters can be specified arbltrarily through the mesh,
complex structures can be analyzed. In addition, ‘there Is no need
to know a Green's function for the specific prublem at hand, The
method Is also very general and efficlent--po reformulation Is
required for different geometrles; only the Input data requires
modification.
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INTROQUCTION

The ever Incresslny wie of microstsip and  siclpline  type
trarsmission ifnes In  microwave and hibrld  clreuits  at  higher
frequencles zod switching speeds has jod to the ieed for a full wave
eleciroinagretic analysis <f thesx structucns for the prediction of thelr
electrical properties. The zomtly provedure of bullding and testing
such stroctures on za ftecatice basis has led 10 the need for efficlent
computer algorithng f4c vse In thz design stages of these devices.

At lowrr operating 7Frequencies, quasi-static analyszs often glve
results that are quite satisfactory (1. MHowever, us the frequency
Incresses, the nco-TEM nature of the structurzs, Lecomes more pronounced
il the guasi-static technigues begin (0 hreak down,  Since It Is ot
cxactly clear at what frequency this occurs, great caution must te
exerzised 50 33 POU 0 Use these methods when they are not valld.

In order to overcome this problem, a full wave three dimensional
solution of Maxwell's equations becomes necessary. The method ~hosen
should be efficient and gunicral enough to adapt to different geometrles.
We have agzplied the transmission line matrix (TLM) method to the
analyslz of thise structurer.  Prellminary Investigations have shown
that the T(M method Is capsble of predicting dispersion in microstrip
type transmission Jines as well as the characteristics of
discontinuities and coupled systems [2). In thls paper, we present

further results on the TLM analysis of passive microstrip tomponents.

IHE TLM_METHOD
The TLM method works by modeling a portion of spsce with a mesh of
o4
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interconnected tranemission lines. Voltages and currents on the
transmission lines are used to calculate the slectric and magnatic fleld
quantities via well known eqiivalences, A three dimensicoal TLM cell iz
showii in Figure 1. An arsa of space ix discretized using many of these
cells,  Poundaries and material narsmeters are modeled by the addition
of Inductance, capacitance, and resistance to the transmission lines in
each cell, The time domaln Impulse response of the three dimensional
teansmission line mesh s calculated by stepping In Ume with all six
electromagnetic fleld components avallable at the center of each cell at
each time 2tep.  This time domaln transfer function can then be
convolved with & desired excitation function or Fourler transformed to

yleld the desired electromagnetic fivld data. (4]

MICRORTRIP LINES
The baslc geweemetry of a simple microstrlp transmission line Is

shown In Figure 2. Because the flelds occupy both the dislectric and
the alr above the strip, the microsirlp llne displays dispersive
behavioe.  Also, although at low frequencles the propagating mode can be
spproximated by a TEM fleld distribution, the actus! propagating mode Is
3 TE mode, In order to accurately inodel a microstrip line; the modeling
technlque must be able to account for the dispersive properties of the
line 85 well as the non-TEM propagating mode.

‘To demonstrale the TLM modeling of mlicrosteip lines, a single
microstrlp with w w 25 mils, h = 25 mils, and £ 10 was modeled with
our three dimensionul TLM program. In order to terminate the finlte TLM
mesh without Introducing non-physical reflections we have developed a
perfectly absorbing boundary condition which works for Inhomogeneous
anlsotropic spaces. Figure 3 shows the time domain response for the y
directed electric fleld component directly beneath the strip at several
points aiong the microstrip line.  The dispersive behavior of the
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SINGLE MICROSTRIP
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Fig. 3. Time-Domala Pulse Propagstion slong airostrip.




microstrip lina couses the pulse to distort as [t prosagates along the
line and clearly the TLM method has mordeled this dehavior,

In ocder to Investigate the propagating mode charactecistics, we
have examined the X component of the electric and magnetic flelde midway
between the steip and ground plane ag a function of frequency, Thase
results are given in Figure 4 and [t Is evident that the propagating
mode Is malnly TE, becoming more 30 with increasing frequency.

The time domaln data in Figure 3 demonstrates, in a qualitative
way, the dispersive charscteristics of microstrip tranemission lines,
In order to prodice useful design data, however, It Is often usful to
examine. frequency domala data. For this reason, we have caiculated the
propigation constant & (-2:/1‘) versus frequency for a microstrip line
of wh = 1,0, h » 1.27 men. The results are shown in Figurs S along with
data presented In [S] for substrate permittivities of 4.2c, and 20¢ .
The values for normalized gulde wavelength sgree within a couple of
percent. This agreement is very good considering that a very coarse TLM
mesh waz used for the analysis (the dielectric was only & cells deep).
It Is Interesting to note that these curves werc calculated using a
stepped Impedance boundsry technique (6] which allows an acbitrary
length of microstrip line 10 be modeled using only two cells in the
propagation direction.

Next we investigated the calculation of the characteristic
impedance of microstrip lines with the TLM method. We have defined the
characteristic impedance of the microstrip as follows:

z, = vizitl
where V Is the woltage betwesn the center of the sirlp and the ground
plane, and I is the currant in the strip. The voltage s calculated by

integrating the TLM calculated electric fleld along a line between the
)
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firlp and ground. | Is calculated by Integrating the magnetic fleld
about a path enclosing the strip. Results for several W/H ratios for a
substrate of € 2.6 e shown [n Figure 6, These are plotted on a
curve given by Yoshida and Fukal In (7). '

In oeder to compare onr results with the results of measurements,
we have examined the buried microsteip line whown in Figure 7. This
geomatry was analyzed, and meavured results were presented In [1). The
results f5e the charscieristic Impedance from a moment anslysls ylelded
M4 a Integration of the TLM calceinted fleld using a
voltige/cucrent definition for the characteristic Impedance ylelded a
value of 29.58 Q iMees results, and values for the static capacitance

of the structure arz shown In Table I,

TABLE }

Method C (pF/cm) Z @)
MOM .62 39.43
TIM 2.6 39.55

Measured 2.48 -

In order to get the full benefits of the full wave three
dimensional unalysis techniques such as TLM, they must be Incorporated
Into user friendly CAD circuit packages. Many of the CAD packages
avallable today, GREENFIELD, for example, use quasi-static techniques
for the analysis of transmiscion linex and discontinuities which have
been shown to loce valldity at higher frequencies. Thus, we are wocking
on Implementing the TLM analysis of these structures into already

existing CAD packages.
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Of the preseatly avallable CAD packages that do not use utllize
quasi-static analyses for the electromagnetic analysls, many are
restricted In the type of passive components that they can model. One
of the main advantages of TLM Is that the geometry of the device under
consideration can be quite arbitrary, For example, layered lines In
layered media  are  esslly modeled, Also, three dimensional
discontinuities such as wire bonds or vias can be modeled rather easlly.
As an example of a three dimensional discontinuity, a wire bond, Is
shown In Figure 8. Figure 9 shows the response at the Input port to a
5ps rise time voltage step.  Comparison of this waveform with
preliminary data measured with a time domain reflectometer (TDR) shows
reasonable agreement, We are curre;uly making moce refined measurements
of several structures for comparison with TLM calculated data,
CONCLUSIONS

We have presented our results for the analysis of passive microwave
devices using the TLM method of electromagnetic analysis. \omparison
with other methods and measurements where avallable has been very
favorable. The advantages of the TLM micthod lie in the fact that the
method produces a full wave three dimenslonal solutlon to Maxwell's
equations. In additlon, the method Is simple, general (the TLM program
used for the resuits In this paper has been used, without modification,
1o predict the EMP response of aircraft and bulldings simply by changing
the Input data), and efficlent. The simplicity and generality of the
method has led us to work on incorporating the TLM method into existing
CAD packages for microwave and hybrid clrcuits.
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Fig. 8. Geomatry of Wire Bond.

0.401— -
& o201 ~
0.00} 1 4 } { i
<0 ’28 1 | 1
00 5000 (0000 .i150.00 200.00 250.00 300.00
(x1012)
TIME
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The Viwld Theorwtic FHIC Computation
Bdonced by the Variatiosal Frisciple

by
Y.L, Chow, G.E. Wonard and N.G. Stubbs
Unlversity of Waterloo and Commmications
Ressarch Centre, Canada

fbstract

Tha field theoretic soltware WRTNIC - Ermim [1] das beer: shown to gluve
sccurate results for MIC and WUC circults, eg. [2]). It is a wodification
of thi womemt wethod for linear antennan [3] and requires the solution of a
mutrix equation,

For large clrcults, eg. lange couplers and spiral transforwmecs, the
mitrix sise can be up to 300 X 580 an takes wp substanital amounts of
computer time, especially if wmany (requency points arw required.

R simple smy to enhance the cowputing speed Is to select a few fre-
quency points for an socurate solution by the matrix equation. The fre-
quency points not oowputed with such solution are solved by interpolation
through the variations! principle.

The variational peinciple for two lineer santennas a and b s the
well known formala (4],

z, = ,:—‘I;-Lb!‘ -1 ae, (1)

Tiw veriational forsula for [HC-MUC clrcults Is the sawe except that a
and b represent ports of the circults. The veriational forwula gives

accurate results provided that the currents Y and T (geoerating EY)
are appeoximmtely known. UWith the selected (requency points accurately
computed, us sentionsd in the last parageaph; it is a siwplo matter to £ind

the approximatc currents 1& and T at the intermediate frequencies, by
a limwar Interpolation.

Brmtion (1) is quite accurate because of the nature of the veria-
tional principle, but it requires no solution of the watrix equation and
thus the computing speed is greatly senhanced.

fn MIC spiral tranfotswr, shown in figure 1 is cowputed using matrix
solution wwery fourth frequency point. The resuit as shown in flgure 2 is
Just as aocucate as the all matrix solution, but only taking 1/3 the
comperier time,

The paper ends with a discussion on the Interdependance of the
computer time. the variational solutions and the matrix solutions of the
rowent method RTMIC-Eresim.

78

- o it st

BESSS

e BE e s LN




o o——— i ity

Ruf{ecences

[1] ©OMim: NIC software of EEsof Ino. Westlake Village Ca. 1988.
WTNIC: fleld theoretic softwarw from Univ. of Haterloo,
Haterloo, Ont., Canada 1987, WATMIC is ewbedded in Eim.

{2] M.G. Stubbs, Y.L. Chow and G.E. Noseard, “Use of a Spatial
Fluld Technique for the Analysis of fActive MUCs™, Proc.
17"‘ Ruropsan Microvawe Conference; Howe, Sept 1967.

[3] B.F, Harrington, “Fleld Cowputation by Mowent Methods™,

R.E. Erieger Publishing Co., Melabar, Florida. Repcinted
Edition 1932, Chapter 4.

[4) R.F. Harrington, “Time Harmonic Electrommgretic Fields“,
M:Graw-Hill Book Company Inc. Mew York, 196, pp 349.

9

s ———_g -




; |

. The spiral transformer example.

\/

gt 1menan
(GHz)
{ Tbels,,ln,r:..’isl,lmponsesofdtetwopmcorﬁg*mﬁmoﬁbcmfamamﬁg. 1.

85

Ay ——— e

L s e




\

. ACCURATE AND ERFFICIENT MODELING

i OF

: DISPERSIVE MMIC PASSIVEL DISCONTINUITY COMPONENTS
Akifumi Nakatani and Jesse Castaneda

Phraxos Research & Development Inc.
2716 Ocean Park Bivd,, Suite 1020
Santa Monica, California 90405

Abstract

The fullwave Green's-function-and-Method-of-Moments spproach is recognized aa %
the most general ard accurate solution method to the problem of high frequency mod- 1
eling of MMI(™ passive clreuit componenta, However, the computer codes derived on i
the basin of thie method are usually computationally intensive, Several numerical tech. |
niques that significantly improve both the accuracy and efficlency of this method ase ;
presented, The numerical technique is described aa it has been applied to the problem ]
of the waveguide shiclded microatrip structure, |

i
i
i
i
!

‘ This research was supportad by the U.S. Army under research contract DAAL 01-88-C-
! 0813 and the Air Force contract F19628-88-C-0059.
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1 Introduction

Recently, significant attention has been pald lo the characterization of high frequency
microstzip discontinuities, since ultimately the accuracy of a MMIC design depends on the
accuracy of the individual junction models. The high frequency Information, such as the
cquivalent circuit or scattering matrix parameters of the junctions, can be extracted by
many different ways, A method has been described by Kateht and Alexopoulos [2] where
the discontinuity chxracteristics are deduced from the standing wave pattern of current an
the microstrip line. In that method the line (or lines) are excited by a delta-gap voltage
source. R.\V. Jackson (3,5) and Pozar 3}, on the other hand, used an incident traveling
wxva {on the microstrip line) as the excitation in their moment method solution. Chu and
Itoh 7] unaiyzed the step discontinuity using waveguide models with magnetic sidewalls
for the lines. A spectral domain analysis in an enclosed structure has been used by Jansen
{1,6] and Koeter [G] extensively. This work addresses the characterization of waveguide
shielded lines and discontinuitfes. It is a complete dynamic solution and all the effects
associated with the waveguide enclosure (shieldj are included, In the application of the
moment method procedure, an expansion of the surface current density on the microstrip
line or of the electric field on the slot line is made. The basis functions include dominant
traveling wave functions and roof-top subdomain basis functions, A special modificaticn
of the traveling wave functions has been introduced which increases the accuracy of the
characterization in he quasi-static limit. The roof-top basis functions are used in the
immediate vicinity of the junction to represent any possible current/field disturbance.

The focus of this work is on the application of the modified traveling wave functions to
the general problem of shielded MMIC structures [4), and on the use of an intespolation
technique which significantly reduces computational times in the characterization of general
discontinuity structures.

2 Green’s Function Approach

Figure 1 depicts the cross seclion of the multilayer substrate structure within the sur-
rounding waveguide shiald. Microstrip currents and/or slot fields can be represented by:

- 2 oo
V(z,y,z2) = E / V(kin Yy ki) cfterehnrd, (1)
Aden U0
or 3 © e, .
Uznn) = 5 [ Fikmviks) deslkunz)dk (2)
nx0 ¥ =%

where \-i(k,,“y, k,) can be represented as
\i‘l(k,,.,y.k,) = ﬂ(k,,.,y‘ k) s(kuu"hkl) . (3

The quantities, i(k.,., 81,k,) and @(k.,., v, k.), refer to the transforms of EorJ. 0 (kin v k:)
is the dyadic which relates the electric fields and current distributions. In the above defi-
nition, sc(k.,) is defined either as sine or cosine functions where the center and side wall
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conditions (electric or magnetic) ure included In the transform. The first formn is the com-
plex finite Fourier transform and the sécond form Is the sine or cosine Fourier transforn.
When the sccond form is taken, the appropriate trans{orm must be selected, depending on
the side wall boundary conditions and the field or current component. These compenent
relations are given in reference 4. When €(k,a, 33, k) Is expanded in terms of known basis
functions as

o 1]
O(z,512) = 3 cn ®u(z,2) = 3 Balz91,2) Cm ()
mal mal
then the substitution of above equation yiclds

Vzva) = 5 {f L7 Olkimyik) + Eallum ki)el sc(k,,.:)dk,}-c.._ (s)

mul \nal

When the inner product of the basis function is taken for the left and right hand sides of
Equation (5), the following linear equation is obtained:

[d
Vi = E Zatn 2 Cn (5i

mnl

When the same number of testing funciions are used in the above equations, a zet of linsar
equations is obtained. ..
[ﬁn'] = lzn\'m] . lcni (7)

The unknown dyadic coefficients ure numerically obtained. In the above equation, ¥, and
Zw'm are defined as

- - q -] -
V' = (GM'(klﬂl"l!kl)lq‘(klﬂtsllkl)) = /l=0 /‘H-“ |7,..'(2,31,Z) . ‘P(:,s;,z)dzd: (8)
and

Fwn =3 [

n=0""

(-]

(ﬁ..l($=6|.z),2i;": Jc(;.'mz)) . n(k"“’l’k‘) . ém(k:n, &1 k‘) dk, a (9)
on
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The last expression can also be writlen aa:

- o L R =
Lot = Z/n“;.\'(kmy‘hka)‘n(km\'hkl)"-\(kmy’h-&n) dk, , (10)

neQ

where &;(k...,:.. k) lsthe conjugate operation. When there is no source, then the problem

is an cigenvalue problem. ®{k,a,s,k,) is the Fourier transform of the basis expansion
function defined as

o™ Con ~ . o AT
(kiny 3ty k) = Tee L-a /_‘Q(x,q,:}c it yo(kyat) dxdz (1)

where ¢, 1 1/2 only il ko m 0, otherwise ¢ua = 1. ' When the basis function is separable,
Equation (10} can be expressed as

AN ORI 02)

where S(k,) is defined as
S(k.) = i': & (kund O ek} () (12)

with fl(k,a, k,) as the dyadic component for §,5 = x,2. In the above definition, ¥(x,2)

is the basis function and the quantities of #,(k,a) and #:{k,} are defined as the x and
2 dependent terins of the basis functions. Since the electric field or current distribution
at an arbitrary position ¢an be constructed by linearly superimposing all the components
caused by thegegmenta! basis functions, the total interaction ¥/ can be exprested as

@'mﬂz ‘i,'ln o+ Z@Iﬂ e z.’inl (“)

where "drv” identifies the driving function, "Jne” the junction fieldfeurrent functions, and
"rct™ the reaction field/current functions. In general, the number of reaction functions
must be equel to N for the N-port network,

2 Algorithm Description

A general algorithm to approach the discontinuity protlem is described in Figure 2,

3.1 Matrix Management

A solution of & discontinuity problm by the present method involves the partition of
the Junction info rectangular subsections. In effect, a rectangular grid is overlaid on the
junction, This is depicled in the drawing in Figure 3 for the asymmetric step discontinuity.
In the procedure the circuit component one wishes to #nalyze is drawn on the grid, following

Ha reference [4], the summation must start from n e 0 and ¢,4 muat be added,
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the grid lines, This identifies the subdomain segments that must be used in the moment
method, One, or both, Jongitudinal and transversa basis funclions may be required In each
a1 the subdomaln regions. In the solution, impedance matrix elements {of the method of
tzoments) are found for the complete rectangular grid, that Is for all subsections or cells
@ the grid ragardless of whether the component of interest requires it or not. We start,
thwsefore, with the impedance matrix to a rectangular patch. Geometry matrices are then
introducad that, ir effect, select the subdomalin terms appropriate to the component, This
identification iz completed in terms of three geomelry matrices that are defined as follows:
41i,§) describes, exactly, the lopology of the component. A value of one indicating that
the associated cell is part of the conductor (for microstrip), and a valus of zero indicating
there is no conductor in that cell region. This is the matrix that the vser will specily to
describe his component, Because of the nature of the basis functions the matrices that
identify the location of the basis functions are shifted. This is rellectzd in their definitions.
For the transverse-current-basis-geomelry-mutrix we have

9'(“11.) =9('.|1.)'9("+ I'j) ) (15)
while for the longitudinal-basis-functions-geometry-matrix, we write
g (i,4) = 9(i\3) - 9lir g +1) . (16)

When operated on by ¢'(1,7) and ¢(i,s), the full .rectangular grid hmpedance matrix is
reduced to thal appropriate to the component unéer sonsideration. An inversior of the
reduced matrix then results In the solution to the desired prablem. An example is shown in
Figure 4 where the number of cells is 30, 2nd after operating with the geometry matyices the
resulting longitudinal and transverse basis functions are reduced to 13 and 12 respectively.
This methodology can be easily extended to address other irreguiar shaped junctions.
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3.2 Computation of S(k,)

When the traveling waves (in-coming and out-going waves from the junction) have the
same transverse dependence (x-dependence) aa the roof-top basis functions, S{k,} can be
computed independently of the longitudinal dependence (z-dependence) of the function.
The longitudinal and transverse current distribution can be placed as shown In the Figure
5, where the longitudinal basis has a pulse shape (PB), while the transverse basis shows
the triangle shape (TB).

With this choke of basis functions, S(k,) is exnressed in a closed form where both
the accuracy and the efficiency can be drastically improved. The asymptotic form of the
dyadic Green's functior can be expressed ag

gm0 B ]

The k, and k,, dependences of the dyn_dic Green's funttion are separated. The transform
of -the normalized PB is obtained as #/.L = sinc(k,a&)sc(k,aSw) and the transform of

the normalized TB is the convolution of PB so that the transform is obtained as 73 =
3ine}(ken & )ac(kyaSme). When the Galerkin's method is used, S(k,) can be written as

S(h) = 5 Breelin) OlEsms 61, K) B1mlken)

= 3 s kun) O (ks a1, ) Bt ) -

i ;:n'(klﬂ) [n(klm‘hkn) - n”'(knﬂh kl)] ;lu(kn) (18)
L1

where the summation of the first term can be easily converted to a closed form expression,
which is easily evaluaied. The factor in brackets of the second sum accelerates the conver-
gence as compared to the original sum form, since the sum is evaluated as the difference
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Figure 6: Modified Cosine Basis Function Behavior in the Vicinity of the Junction.

of the Green's function and its asymptotic form. The convergence of the bracket term,
however, is relatively slow when the argument k, is large; nonetheless, when the enclosure
is Jarge and the side walls are at a Jarge distance from the circuit, the bracket term repre-
sents the principal convergence factor. With the adopted forms, 7-8 digit accuracy for the
computation of the infinite sum can be easily obtained. Note that the function S(k,) is
monolonic for k, — oo. Therefore, once the integration table for a sampled k, is created,
the integration can be evaluated from interpolated values of S{k,).

3.3 Computation of V,y and Z,pm

Once §(k,) is computed, the impedance matrix elements ,Z,., and voltages, V., can
be computed. The junction basis functions (rool-top basis functions) can be expressed
as sinc and sinc® functions similar to PB and TB in the previous section. A traveling
wave, given by ¢*% is the expected functional form except right at the discontinuity.
The functional behavior must be modified in-such & way as to correctly represent the
conduction current [7:r real current system) or the aperture field (for slot system). One
modification was propused by R.W. Jackson [3] and applied to the apen-end and gap




microstrip discontinuities, The traveling wave form ¢~/#* was written as
1% = eos(B1) = jain(ps) (19)

The cosin function was truncated at A, /4 away from the discontinuity. Piece-wise basis
functions were then overlald in the junction region. This situution is lllustrated in Figure 6
(a), To reproduce the actual current distribution in the immediate vicinity of the junction,
the size of junction current basis functiont must be amall, Thus the necessary number
of junction basis functions becomes huge, mpecially for low frequency (thin substrate)
modeling.

A variation of the previously referenced method is adopted here:

For the longitudinal cosine basis function we use

cor™(py) = { -(x/‘z‘)(c'z)(ms) S (20)

while for the transverse rosine basis function we use

oirmip) = ol oL @)

The use of the above forms of cosir.e basis functions focus the method of moments
solution on the difference between the ideal transmission line curient behavior and the
actual current behavior instead of modeling the entire ), /4 region from the discontinuity.
The situation is illustrated in Figure 6 (b). The overlap region of junztion basis functions
can be reduced to the immediate vicinity of the junction where the current disturbance is
expected. The computed modified cosine basis function is shown in Figure 6 (c) for rela-
tively low frequency. While a total of 48 longitudinal subdomain basis functions (PB) were
needed for the original procedure, with the proposed modified cosine basis, the number of
basis functions is reduced to about 12. This can alss be applied to slot type lines in the
vicinity of discontinuities.

Once the junction and traveling wave functions are determined, the integration can
be performed. The path of integration is deformed to avold poles associated with the
waveguide modes. In Figure 7, the behavior of S, (k,) is shown for a reul axis integration
path, and for a modified (complex integration) path. The use of modified (complex)
integration contour is equivalent to the introduction of loss into the system. With the
medified contour an interpolation technique using tabulated values of S(k,) for sampled
k, can be used without degrading the accuracy of the integration.

4 Numerical Examples

The first example (Figure 8) shows the eigenvalue solution derived from S(k,). When the
waveguide side walls are chosen to be magnetic walls, the boundary’conditions at the side
walls electrically separate the to,. and bottom walls. A slotline mode is then supported.
The configuration approximates the open structure slotline. In Figure 8, the normalized
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eifective wavelength of the shot mode is computed. Two sets of data are plotted. The
dashed line Indicates the case where the side walls are separated by & = 10,0, while the
solid line Is for & = 40, In botk cases, the sloiline is placed at the center of the waveguide,
The circled data is that of Cohn [9] using the transverse resonant method. When the
magnetic side walls are separated enough from the slotline, the cpen geometry can be
modeled by using the pmcn' method. When the side wall are close to the slotline (given
by dashed line), the effective wavelength diverges from that of the open geometry model.

The open-end microstripline is the simplest discontinuity. It is also fundamental in that
It involves all the significant phenomena associated with the more complex compenents, in
partizular, the phenomena of ccupling with the waveguide modes of the boxed structure
at high frequencizs. The first example in Figure 9 shows how the excess length is affected
by the external structure. With an external waveguide shield, the open-end discontinuity
ray behave as an antenns element which excites or couples to the waveguide modes (both
evanescent and propagating modes.) I the two cases that follow the microstrip line is
placed at the center of the waveguide structure where the most significant effect is expected
for TE, mode. The subatrate material is ¢, = 9.6, and the dimensions of the microstrip
are w = 1.0 and A = 1.0. The solid line shows the case where the waveguide mode turns
on around kh =2 0.21 for a waveguide dimension of a = 20. The dashed line shows the
cuse with a waveguide dimension a = 10, where there are no propagating waveguide modes
excited in the range of interest.

Anisotropy of materials can cause some change in cpen-end excess length. In figure 10,
the excess length is computed for isotropic and anisotropic cases.

The characterization of gaps in microstrip is useful in the design of dc blocks, end
coupled filters, coupling elements to resonators, etc. The microstrip gap is treated as a
numerical example,

When the coupling to the waveguide modes is strong, then the parasitic conductance
elements exist ir parallel with the equivalent cupacitance. The equivalent capacitance C,
is due to the field [ringing to the ground plane, and the equivalent capacitance C, is the
gap capacitance due to the coupling to the second conductor. It ie common practice to
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represent the gap churacteristics using Cioen And Cous. These quantitios are related to C,
and C, as follows:
and

Coaa=12C, + C, . (23)

The code for the gap discoitinuity is similar to the open-end code except that transmission
coefficient matzix elements are included. Since the primary and secondary line is symmet-
ric, the gape can be cfficiently characterised by considering all the symmetric properties
of the mathod of moments solutions. The code is modified in such a way as to generate
various gap separations while computing the matrix elements once. The resonance nature
of the problem due to the enclosure is avoided in this example by selecting the enclo-
sure appropriately. An example of computed daia for these even and odd capacitances
is plotied in Figure 11. As the separation of the two lines is increased, both the even

and odd capacitances approach asymptotically the open-end case, i.e. the gap capacitance
decreases,

5 Conclusion

A numerical approach for the high frequency characterization of waveguide-shielded mi-
crostrip and slot line structures has been presented. The algorithms were developed for
use on desktop computers, The formulation and methods described briefly here, such as
the closed form expression [8) or the interpolation routine, reduced CPU time drastically.
The open-end or gap discontinuities can be charactorized within five Lo six minutes on a
386/387 computer. The Green's function approach included all the physical phenomena,
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such as coupling to waveguide modes and complex waves, and 30 on, The obtalned resulis
can be applied at high frequencies, The extension of this method o an Irsegular shaped
discontinuity topology has also been established in this paper.
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1. Introduction

In the last decade, several approaches have been devel for the analysis and
the study of Microwave and Millimeterwave Hybrid Integrated Circuits
(MMHIC).Today the most popular method In this area Is the well known Spectral
Domain Technique, The SDT wag first introduccd in 1971 by Mitra & Jioh (1)
10 calculate the dispersion characterisides of microstrip lines, Other authors have
extended the method (o the different planar microwave lines eommonly used §a
MMHIC. The method is suitable for the analysis of multilayer planar structures
and two tnified formulations of the SDT are found in the Jinecature (2,3).

Because one assumes a3 zero thickness and infinle conductivity of the
metallization, the 8DT can't be considered as a realistic method (or the
prediction of the performances of monolithic microwave fntegrated lines.
Indeed, In monolithic circults the thickness of the metallization becomes
comparable with the width of the strips and then the strips cannot be considered
as ideal conductors.The differences between 2 Hybrid and a Monollthic
microstrip lines are summarized figure 1. To overcome this difficulty we adress,
in this paper, an cxtenslon of the SDT in order 10 analyse the monolithic
Integnited cireuits,

Suip widh -0 lmm
Bhneas = 001 mm

Diclectric
Thickness = mm

«

Nybeid Miterearty Menlithic Micrvotclp

Qancieriaics of Hyded kacyraed Characteri.tics of Manolihic Imegrated

Circut. The weip is usally sowenod Circuits, The srip width s companble

M an feal conductor 2ero décknese with the strip thichnest and cannot be
and inlinite conductivity, 3 at a0 $deal cond

Houre 1, The characteristic dimensions of Hybrid and Monokithic Mictostrip Unes.
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2. The Madified Spectrad Dumain Teckinique

In the classical formulation of the Spectral Domain Technlque, one writez the
fundamental equation of the SDT  which Is a rclation between the Fourier
coitponent of the current densltics (J,. & J3 ) andd the tangential electrie fickls (Ey

& By Y in the planc of the metallization (Le, the plane x = 0 on the figure 2),
‘This fundamental equation reads 3

[s,m)]_ (on(-m on(-.r)I:,tum]

E.('-‘d G}l(“-?) On(‘ﬂ) ) J": /]

where u Is the Fourder variable, Y the propagation constant, The Gu(u, ) are

known functions and depend on the electric and geometric parameters of the
different layers of the structure,

Infinkcsimal strip withdx a2

Plane -0 dickness and g ax condutiivity

Eloura 2, Basic siuchrt and 1he subdvision In
Infesitesimal svipe

The fundamental equation is usually solved by using the classical Moament
method. To this end, one projects the current densities on a realistic basis of
functions. ‘The solution is obtained by writing the Inacr product of the current
densities and the electric fieds. This inner product is 2ero because the current and
the electric field are defined In complementary spaces.

J 3 (0 By (1) 84 = 0 J J (o) Eode = 0

-

Let us now transform the fundamental equation of the SDT in order 1o take into
account the thickness and the corductivity of the strip. The structure considered
is depicted figure 2, The strip of non zero thickness is subdivided in infinitcimal
strips. Each strip located at “x" supports an infinitesimsl current density dJ

(u.Y,x) and Is related to the electric field dE (u,y) in the plane x = 0 by the
following relation

dE (u.y) = G(u,7) exp(-yg x) dJ (u,7x)
o8

s s wma
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where Y Is given by o= (u2 + 4 ~ wlegug)i
The dJ (u,y,%) I3 related 1o the toal current J (u,y) onthe strip by @
dJ (uy.x) = J(u,y) f(x) dx,
where £(x) is % normalized digtribution e,

L
Il(l)d!.-!

Cambining the previous relations, i1 is easy to arrive o the new fundamental
relation of the SDT

1

L}
E{uy)= I dE(u ) = J Gle) exp{ - y,x) ((x) Jup) &= = Gu) $(u) Juy
° ]
‘This equation is quite similar 1o the first one, ‘The difference between the two
fundamental equations lies in the term S(u) which depend on the thickness of the
strip and the f(x) distribution along the ox direction. The resolution of this new
canation i3 also done using the Moment Method and Ohm law's, The conductivity

of the strip Is taken inio account when we writz the inner preduct of E and J
which i1 non zer0 because the conduciivity of the conductor is finie.

3. Determination of the disiribution f{x).

In an ideal conductor one assumes that the total current is located on the surface
of the conductor and Is zero inside the conductor. These assumptions are not
correct i reality due 1o the finkte conductivity of the material, In fact the

current Inside the conducior depends on the conductivity and the frequency as
well as on the boundary. The current Is govemed by the classical equation ¢

V2)(xy) - ((14))2/81(x.y)
where § is the skin depth of the conductor givenby  8=( 2/aygo)in2

Solving the previous equation one obtains the following expression of the

current density
1+) 1+)
J ' - — N D —
(%, y) nch( 3 )uch( 3 )y
Finally, the expression of the distribution f(x) is given by :

((s) = — = h (' ' "2)

ch — 8
28
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4. Applications

This method has been used 1o analyze the GaAs microstrip line with Schouky
contact shown figure 3. The calulated data are the slow-wave factor and the
propgation losses in the structure. The microwave model used in the calculation
Is given below (figure 4),

The Gads microsirip tested Mne

Juip with & Schmithy cumiail Ouadwitiviy
40 Shem, whidi 1opm ond hichaest 13 pm

au0,cwl))
a3 [ LR} N

amE3300 cm il

Figure 4. Microwave model used in the calcuiation

where ¢, the thickness of the depleted layer, Is determined from the Schotky
relation [4] :

2.¢,.¢, " .
(2 J —q—-N;- (0.74-Vc) with Vc<0

Figure 5 shows the microstrip line (D.U.T.) that was tested on a chip carrier. The
test configuration is shown in Figure 6.The parameter of interest is the scattering
parameter Sq of the de-embedded D.U.T. :

S21 = expl-vw)l  where ¥w) = a(w) + ()

The slow-wave factor of structure is givei by the imaginary part (phase of Spp)
and the attenuation constant is given by :

o s e e i e

e rts e oty e recann oo s

o om———e St ns, o chr

-

g S S 0 e

oS




1) = 1500

AAA,
—-W 3 AAAL
TV W Conial eable

or 18510

sliver Jayar  Bress suppodt  Ajymine 991
Figure 4. Chip carrier configuration.

After an evaluation of the pad phases, the phase of the intrinsic 21 is calculated.
S measurements were carried out using the HP 8510 vectoriel Automatic

Network Analysed (VANA), connected 10 on HP 216 computer, and applying the
TRL (S) method. The necessary calibeation standards were realised on Alp03

substrate.
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Figure7. A comparison betwen experimental and
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The comparison between experimental and theotetical data is shown in figure 7,
“The continuous lines represent the resulis obiained by the proposed method and
the points are the experimental data for scveral polarisations of the Schottky
contact. One notices the excellent agrecment between our theory and the
experiments.

5, C¢ nclusion,

A modification of the well known Spectral Domain Technique has been
developped and peesented, This modification allows the use of the SDT 10 analyze
the monolithic microwave integrated line 1aking Into account both conductivity
and thickness of the metallization, It eonsists of the subdivision of the strip in
clementary strips. The method has been applied 1o 3 GaAs microstrip line with a
Schottky contact, The same line has been characierized experimentally using the
Thru-Reflect-Line procedure. The slow-wave factoc and the peopagation losses
given by the present theory are compared 10 the experimental data, An excellent
agreement Is pointed out. Finally the same method has been extended to analyse
structures with several strips such as coupled micstrips, The experimental data
conceming the coupled lines are now going on and will be presented clsewhere,
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THE DISPERSION CHARACTERISTICS OF THE FO-TD METHOD
IN CYLINDRICAL WAVEGUIDES

Dennls 1. Chol and Elmar H, Hara
Faculty of Enginecting, Unlvenity of Regina
Regina, Saskatchewan, Canada, $45 0A%

Abstract

The numetical phase and group velochty characteristics of the FD-TD algorithin
are presented for wave propagation in TEM, and TE or TM modes. In the numerical
dmulation of waveguide modal solutions, It Is found that thers Is an optimum value
of 4 and optimum. frequencios at which least erzors In group and phase velocities
occur. From these, a jrocadure to find a maximurm frequency vihich provides Jeast
error for modal solutions of cylindrical waveguides is proposed. This will provide
guldance for applications of the FD.TD method to a wide varlety of gulded wave
problems,

Introduction

The Finlte Difference Tirme Domaln (FD-TD) method based on Yee's algorithm
has been used recently 10 solve the probless of waveguiding structures auch as cut-
off frequeancies of finlines{)) or seattering parameters of microatsip discontinuities[2).
[3}. Even though the FD-TD technique has been applied quite successfully In the
past(sce for example (4]), the numerical mesh network of the algorlthm causes errors
in the phase and group velociiles of the propagating wave. ‘This Is caused by the
dispersive nture of the FD.TD method{s].

In order 10 asseis the numerical ezrors caused by the dispersion for solutions of a
TEM, and TE or TM wave, an expficit expression of the pliase and group velocities
of the three-dimensional FD-TD algorithun Is derived from the following dispersion
relation[4].

sin?(wat)2) = Sfaind(k,Azf2) + sind(k,Ay/2) + sin*(k,02)2)] (1)
where s is the atability factor given as s = vAt/Al

Formulation

For a wave with propagation directions @, § and 4 as shown in Fig. la, the
following relations exist: ke = keosa, k, = kcosp, k, = keosy, kAz = kAy =
kAx = kAl = 0. It can be shown that the group and phase veloclties in free space
are given as

Yy

'}

[o¥ ain?(9cosa) + ain?(0cosfl) + ain?(Bcosy)]/sin(wAt) 2)
wAt[ad ()

Uy
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where v and tp aze normalized by the velocity of light v In the medivm,
For # €< 3, equations (2) and (3) reduce to:

v, & 1=(R=W/34+0(#) 4 o0 ()
p @ 1= (R=)0 24+ 0(0) 4+ ©)

whete R = cos'0 + cos’f -+ coay, Note that the second teem of vy Is larger than
that of v, by a factor of three(s).

Expressions (2) and (3) are mixed forms which show the separate effects of w
and k on the propagating wave. Depending upon the problerm or inlilal condisions,
It s sometimes convenlent to express Eqs, (2) and (3) In tersms of only w or only
k., MNowever, this Is poasible ouly for the cass where propagation occurs In the
axial direction(A), In the diagonal direction(D) of & plane, and in the disgonal
direction(C) of a cubic cell In {ree space(See Fig. 1. b). For other directions of
propagation, the dlspersion relation (1) and eithar Eq. (2) or {8) are required. For
example, the phase and group welocities in the A direction In terms of & are:

v, m ¥ 1=13cos(wat/2) (0)
wiAtf2s -
L] m (')

where W is given by W m ain(sxAlfX)/s. Note that 1)) Is used & a normalized
frequency such that wAt m 2sxAlfA,

Fig. 2 shows the velocities v, and v, as a fuction of AlfA with the maxbmum
stability factor of 1/v3. From Eqs.(6) and (7) we can see that as s §s reduced
from the maximum value 1/V/3, 3}l the velocities experience further dispersion that
results in smaller magnitudes of v, and v,. However, It Is found that the cut-off
frequencies do not change siguificantly with varlations In 4.

A wave that Js propagating in a closed-boundary wavegulding system experiences
further dispersion In the longitudinal direction of thie wavegulde. This Is the so-called
modal disperslon which can be exlculated numerically by the procedure similar to
that used for the unbounded medium,

Lei the = coordinate be the axial direction of a wavegulde. At cut-off frequencies,
the propagating wave number f or k, Ir the dispersion relation of Eq. (1) becomes
0. Then Eq. (1) becomes:

8in®(weAt[2) = $[sin’(kseAz/2) + sin?(kyAy/2)) 8

where @, is the cut-off frequency and k. andkye are cut-off wave numbers In the z,
y coordinates respectively. As the operating frequency w increases, starting from w,,
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the teansverse wave numbers ke and &, Jdo not change from kye and kye. Therefors,
subatitution of (8) Into Eq. (1) gives:

sind(wAlf2) = £3in’(k, 81/2) + sl 21/2) (%
The phase and group velocles of eylindrical waveguldes are theselore,
asin(2sin=! Y ZTH)) (10)

2in(wat)
b =t (1)
LR TTPEICIW A1 2 o 114§

LY

and

wAlsin{2sin=! /77 = W3) (1)
23in=3{J W= w,,’)sl'u(um)
whera W Is given by W m ain{axadfA,) e and A, Is the cutoff wavelength,

Equations (10) and (11) hold for cylindrical waveguldes with diffecent cross.
sections, provided that the cutoff froquency We Is propecly replaced by the ap.
propriate value, ¥, can be caleulated readily by employing the wo-dimensional
FD-TD algorithm. For Sllustrative purposes, the phase and group velocities of &
slmple waveguide with a yectangular croas-section were caleulated and the results
are shown fn Fige, 3 and 4, The Figs. 3 and 4 also show results from theoretical
calculations for comparison.

From the Fig, 3, we can observe that the theoretical and numecical curves cross
over ench other at a certaln frequency, At this frequency the numerical group velocity
coincides with the theoretical group velocity. It Is known that at this frequency, the
composite TEM wave of the modal solution propagates at an angle of 45° 10 the
axial direction. As discuxsed in Ref{4), st this angle, the propagation direction of
the phyiieal wave and numerical wave coinclde,

The relative cross-over frequency £, = f/f /. depends on the stability factor s and
hias a slight dependancy on the mesh size Al The characteristics of this normalized
frequency F, with respect to mesh size ace llustrated In Fig, 5. Based on Fig. 5.,
an optimam value for the stability factor s can ba chosen,

Starting from the maximum cross-over frequency (Fo = 133 at s = 1/V3), a
reduction of s generates smaller values of Fy. As seen In the Figd, the numnerical
esrors are small below the cross-over frequency F,. Dotailed numericsl comparison
shows that the numeric2] error Increases uniformly as the frequency moves away from
the cross-over frequency(Fy), Therefore, ut frequencies below Fy, the numesical error
Is meximum at the cut-off frequency. Let the tolerable numerical ezror of the group
velocity be half of the maximum error. Then the acceptable highest frequency can
be extended up to the frequency Fumer defined as

Fonae = Fo (Fo - Fe)/z (13)
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Therelore, the beat numerical simulation of information transmisslon in a cylindeical
wavegulde, Ii obtalned by choosing the stability factor s according to the operating
frequency, Fig. 5 shows examples of values of 4 for which optimum frequenties
can be Identified, Corresponding £y and Fe ate substituted into Eq.-(13) to obtaln
Frses 1015 Tound that Flaeg Is about 1.5fc. The operating frequencies for the 1ot
practical applications fall withinthls range. ‘The application of the FD-TD miathod
beyond this range may cause larger error,

Tha chiarscteristies of phase velocity are different from those of group velocity,
Bacause the numerical phase velosity Is always lees than theoretical values there
Is no cross-over frequency. Nowaver, there Is a minkmum error frequency which i
slightly different from: the cross-over frequency of the group veloclty. For the best
simulation 1o obtaln phase Information, such as the guided wavclength or resonant
frequency, a simllar procedure to that applicd to the group velocity can be used and
Finar ¢an be employed In this procedure as well

Cong usion

The numerical phiase and group velocity characteristics of the FD-TD algorithin
ate derived {rom the dispersion relation for wave propagation in TEM, and TE or
TM modes.

In the numerical simulation of waveguide modal solutions, thete Is an optimum
valueof 5 and optimum {requencies at which least errors In group or phase velocitles
occur. These optimum frequencles can be used to oltain a frequency range in
which the numesical error is minimized. The algorithm described here wiil provide
guldance for applications of the FD-TD method tu & wide varlety of gulded wave
engineering problems.
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ABSTRACT

COMPUTATIONAL ELECTROMAGNETICS APPLIED TO INTEGRATED CIRCUIT
MICROLITHOGRARHY AND METROLOGY

John C, Mould Jr, & Gregory L. Wojck
Waidtingar Assoclales, 4410 Et Camino Real, Los Alios, Ga, 94022

It is recognized that as average feature size and spacing on inlegsated clrculls (ICs)
continue 1o decreass lor reasons of speed and density, the manulacturng (microlithography)
and Inspection (matrology) probloms naturally increase. Analyiical lools are nacessaty 1o
understand the resuliing problems. Ona dilticulty with the analysis of optically peinted (Cs Is
that feature dimensions and the wavelengths used to produca and nieasura them are of
comparable size. Tharelore, the patteins of light projecied onto photorasist, and optical
microscope Images of the developed {eatures ara ditfraction dominated, hance, not amenable lo
asymplolic methods of analysls, Another dilficulty Is the geometrical complexity of tha IC
features. Thecefote, discrele solvars using finite element or finite dilferance techniques are
necessary 1o simulate and inlerpcal somae of the problams encountered in IC manufacturing,

For micsolithography, we explore the principal lssues concerning quanlitative
numarical simulation of positive photoresist axpasure dynamics,

To address the metrology problem, we discuss an algorithm based on the Inverse
scaitering formalism In an effort 1o augment cucrent oplical Inspection techniques, Thé
objective here Is 1o systematically delermine & featurs cross-section that minimizes in a least-
squares sonsa, the error botween observations and calkculations at a discrele set of fiald polnts,
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COMPUTATIGNAL SLECTROMAGNETICS APPLIED TO INTEGRATED CIRCUIT
WCROLITHOGRAPHY AND METROLOGY

John C, Mould Jr, & Gregory L. Wojcik
Weidlingar Assoclates, 4410 E| Camino Real, Los Alios, Ca. 94022

1.  Pholoresist Exposure dynamics In Microlithography

Wa axplote the principal issues concarning quantitative numarical simulation of positive
phototesist exposure dynamics, This class of electromagnatic wave simulation problems Is
molivated by a need 10 model the macroscopic physics of optical lithography using commarcial
resisis al the submicron scales necassary for medem Inteqrated clrcull manulacturing, The
modeling Issuas are prasented here in the context of an explicit linite ditference time domaln
algorithm for the nonlinesc photoresist exposure problem In 2.0,

The conslitutive model of Dill, ei at {1975) for the evolution ol optical paramaters, the so-
called ABC madal, Is combined with Maxwall's equations governing elecltromaganétic wave
propagation fo obiain the nonlinear partial ditferantial equations describing the exposure of
positiva photoresist. These equations ara discrelized In space and time using classical finile
ditferanzas and combinad with inhomogeneous radiation boundary conditions 1o mode! genaetal
2.D submicron (ectures on or In the photorasist. The present problems lnvolve a unitorm,
plane, layered madel of alr, positive pholoresist, and a silicon substrate, llluminated from
above by monochcomatic, transversely polarized (TM) light at normal Incidence. The approsch
Is readily genaralized 1o less restrictive conditions Including non-normal Incldence and other
polarizations, as wail ss axisymmatiic and 3.0 geomatric Idealizations,

Prevaliing techniques for mictolithogruphy simulation are currently based on classizat thin
film {1-D) models, and even In 2-2 oflon assume 1-D wava propagation In vniformly layered
geomelries, The numerlcal approach described hare can ba used to verily these simplitying
assumptions, but more Impostantly, it can solve completely general problems, both In
geometlry and constiiulive properties, albelt at a higher cost In computer resourcas. The
numerical simulations of nonlinear exposure processes ace readily coupled with Fourler optics
technkques lo ecchomically Include tha lense systems,

Eloctromagnetic wave propagation Is desciibed In macroscoplc terms by Maxwell's
equations. If we restrict our atiention to nonmagnetic materials and furthar assume that the
magnatic permeability Is a constant ( ko) for ali matedals of Intarest, the equations may be
wiltten for tha transverse magnetic (TM) poladzation as:

AeE;)  OHy oH, o

x x oy ok (1.1a)
aH;- as\g
k- ) (1.1b)

oH, O,
J M ee——
Ho Jx

& (1.1¢)

Il we {ucther assume time-harmonic flelds, and that Im(x) » 0 (le: all absorption I
assoclated with [ree charges), then_e anid ¢ can ba related to the refractive Index (N = n + ik)
used In classical optics, wheta { w YT .
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emeg (n2°k2) (1.2a)
am2utg Nk (1.2b)

Hete a danoles the angular frequency, Nole thal o s frequency dependent. For Hiustration
purposas, wa reslict our discussion lo the exposure of positive photorasist, The photoresist is
assumad ‘o have an lnitial Inhibitor concentration (Mg) which is not necessarlly uniform, This
Inhibitor concentration decays with exposute fo light. Durng the subsequent development
ptocess, the rasist Is aiched away at a ralz which Is Inversaly proportional to the remaining
inhibltor. Thus, an Imposed ligh! pattern will result in valleys or holes where tha sxposure
was Qreatest,

i T o o 1T g T e 100 et
m(l) = M{t) 7 Mg {1.3)
whera Mg » M{0), m is assumed lo decay with exposure as:
m=axp{-clt) {1.4)

where (c) Is an experimentally measursd rate constant and (i) is the lime averaged ulectric
anargy denslly:

lu<c05cE2> (1.5)

whera tha beackels denols a tite average over ime iarce ralative 1o one perdod. The model
further specifias that the absorption coelficlent ( «) Is & linear function of m:

axAm+B (1.6)

where A and B are axperimantally measured constants. Il we gcsume tmae-harmonic flelds,
ais related to the complax part of the relractive index by {1.7).

amdxk/2 {1.7)
This In turn Is related to the dieleciric constant and conduclivity, so:

emey(n2-(adldx)2) (1.8)

gmgaa e (1.9)

Substitution of (1.8) and (1.9) Inlo (1.1) give the nonlinear partial ditferentlal equations
g”fwol;nln% photoresist exposure for the 2-D, transverse magneiic polatization, monochromatic

ealizatlon,

We wish lo construct solutions to (1.1) for ablicary configurations of scattering features.
To accomodate general non-separable geomstries, we consider disctele gpproximations In
space. Due to the large number ol unkrowns In the disceate spatial model, and to tha
nonlinearity, we are lead also lo timo domaln numorical discrelization. For large problams,
explicit techniques employing single polni Intagration have proven mosl elficient. For the 2.D
problem consldered here, we adopt central ditlerences In time as proposed by Yee (1966).
This finjte dilferance technique is more elficiant than the corresponding finlte elamant
formuiation. Howaver, the staggered mesh bacomes very unwleldy for nonlinear problems In
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3.0, so f{inlte alemenis bacome more alicactive. One of the primacry reasons Is that the
nonlinear constitutive relations raquite all compananis of the E flald, but these are not all
dafined at any ona location In the staggered maesh,

The dastruction of Inhibltor occurs on 8 tima scale which is extramaly slow relative to the
alactromagnatic wave propagation. Fortunataly, The exposure process may be accolaratad (
cortesponding physically to a higher Intensity incident light) and for praciical purposes, the
sama residual distribution of Inhilior will be obsarved.

2.  Optlcal Inverslon for Submicron Fealures

Fot steady-state, coherant, monochramatic, TM umination, Maxwell's equations reduce
10 tha scalar Helmholtz equation, A finite elemant lormulation of this equation has been nested
In an outer oplimization loop o study tha leasiility of Inverting far-field optical backscatter
maasuremaents for sub-micron line foatures on a subsirate, The combinstion of feature size and
liluminating wavelengih Is In the ditfraction-dominated tegime, so that full wave solvers (as
opposed 1o asymptotic maethods) are requited. Numarical experimants Indicate that such
Inversions are Indecd possible, provided that & reasonsble sstimate ol tealura sizg and sufficient
backscatter information are svailable,

Numerlcal axperiments Indicate that Inversions based on amplilude maeasurements alone are
{easible only for parfecily reflacting foatures (Il wa resicict oursalvas to single (requency
llumination), For more ganacal dielectrics, both ampliluda and phase measuremaents, I
conjunction with multiple ilumination angles are required.

For the axamples considered, local minimization mathods such as Gauss-Nawion and
Levenberg-Marquard( parformed well, aven in the presence of realistic random and systematic
nolse lavels. The fundamental Inversion algoriihm Is stialghtforward, Fiest, the seattaring
featuca’s geomatry Is astimated and paramatatrzad, using vartex coordinates for example, as
showri In Fig.i. This first estimale Is usually the design shape. Second, synthetic backscatter Is
calculated at the observation polnts from & finite element model of the cstimated domain, In
addition, tha Jacoblan, (le, Iha darivative of field variablas with tespect to shapa paramotats)
Is calcuiated, Third, field residuals (measuremaents minus synthatics) ate found at the
observation points, combined with the Jacoblans in a minimization aquation, and soived o give
an Inctamental change in the featuze shape paramelers that minimizes the tesidual. The
algorithm finally returns 1o the second slep andg lierates until a sultable convergence critaton
Is satisfied. Fig. 2 shows the lteration sequencs for a perdfectly conducting 1 micron fealuto on 2
perfectly conducting subsirate, Fig. 3 shows the sequence for a 1 micron pholoresist leatute on
a sllicon substrate. Both simulations employ halium-neon laser Mumination at a wavelength of
0.6328 microns,

The pdmary expense In the algordthm Is the solution of jarge systems of linear equations
arlsing from finite elemant forward solves, and Jacoblan calculations. Thase sysiams ace
complex, banded, sparse, non-hermitian and Indefinite.  Preliminary evaluations Indicate that
ieralive methods will be the most cost-eflective means of solving these systems. In
conjuncticn with lterative solvars, bounds on raquired solution accuracy at any givan Heration
hava bcen darived, but not yet implamented,

Application related Issues still to be addrassed Include: the elfects of ditlering layers and
subsirates, resolution limlts Le., In terms of comner rounding, etc., and the Incorporation of
optlcal systams (as opposed 1o simple far-fieid extrapolation} In the laversion foop. A large
amount of work Is also requited to improve processing speed. Possible improvemaents Include
alternative lterative solvars or preconditionats, holding the Jacoblan fixed over a number of
lterations or using & quasl-Newlon method to update It Instead of recomputing at each lteration.
Anothar possibllity Is partitioning the problem since only a tagion about the feature changes a
each ltaration, with most of the grid remaining Invariant,

110




3.  References

J lfl‘ilf. E’g, Optlcal Uthography, IEEE Transactions on Electron Devices, Vol.ED-22, No.7,
uly 1975,

Yee, K.S., Numatical Solutlon of Inlilal Boundary Value Problams Involving Maxwall's

aqualionssln Isolropic Madia, IEEE Transactions on Anlennas and Propagation, Yol.AP-14, No3,
3y 1968,

« Fixed Region Comers
©® Free Reglon Comers

Side 4 G\. il

Side 1 Side 2

Flg.1 « Patameterization of 1.C. line festures

11




-~

-

— Jterates
----- Feature

Tteration

e

|

LR PP
pm—————

LYY -

Fig.2 - Inverslon sequence for perfectly conducting feature on perfscily

conducting substrate, amplitude and phase, +45° Incldent
ilumination

112

}“’—-"—-'~“‘ _— -



Iteration

e ' —— Iterates
[} \
: { ---- Feature
0o ‘
/ \
{ Y
; 4
Iteration

S—
h’-"

o
o o= =

43 \
2 f Sf \
6/ \

; Fig.3 - Inversion saquence for photoresist festurs on sliicon substrate,
amplitude, and phase, +45° Incident (lluminatlon ’

113 s




TRANSVERSE RESONANCE ANALYSIS
OF
THREE COUPLED TRANGMISSION LINES

G.Barolucel, F.Glanninl, C.Paolon
University ol Rome “Tor Vergata®, italy

V.X.Tripath!
Oregen Stata University, Corvallis, Oregon

ABSTRACT

Anumarical analysls has beon deveidped In ordat to characterize a threo couplod microstidp transmis.
sion linos structuce, The mothod utiized Is basod on the transverse resonancae technique applied to the
analysls of a resonator obtalned by inserting two eloctric walls transversally to tha direction of propaga.
tlon of the transmisslon lines.

INTRORUCTION

Multicouplod microstrip transmisslon lines have been Invostigated recently by many authors {1,23).
The most common approaches utllized to analyze this structure ate the quas!- statle method or the spec-
tral domaln technique. The obtalned results are sultable for a good charactorization of the structure but
normally in tha case of zero thickness metal!ization,
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Inthis papec the structure ka fig. 1 has besn taken nto conelderation, The transverse [es0nace appro-
Seh s PP Wi GROW 10 wxiend ihe anaiysis at the case of finta metal thickness. In order 10 study the

> -~

LT~ mL-n‘m
LI IAIAIT LA

Figd
structuce two electric walls arg Inserted orthogonally to the propagation dicection obtalnlng a rectangular
resonant cavity (4], Tha electromagnetic field Is expanded Intenns ol TE and TM modas In the tranzver.
se dlrection. Assuming a fixed lrequency value ks possitle to obtaln the resonator length that Is equal to
half wavelength of this particular mode.
Tha diclectric efactive constant Is reposted (ot the three fundamaental modes as function of the fre-
quency and of the thickness metalilzation,

* TRANSVERSE RESONANCE ANALYSIS

Inthis soction the transversa rasonan.
electric_walls catechnique (s applied 10 anclyze tha re-
sonant cavky shown in figure 2, Becauso
the structure presents a longitudinal sym.
matry plane, It Is possibla to replace this
plane whh an elactric or a magnotic wall
obtalning the two resonators of fig. 3 and

4. For sake of bravity the method will be
discussed only for the cavity whhithe clec-
tric walls,

This resonator can be Viewed In the Z-
direction as two reciangular waveguides
separated by & septum with two slots,

The electromagnaetic fleld In reglons 3
and4 canbe expressed In serles of TEand
Fig2 T™M modes:
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where ¥m and @ m are the potentlal functions for the TE and TM modes. The coetliclents Fm(2), Gm(z),
Tm(2), Wm(2) satisly the boundary conditions for Z= -a3 and Z=az2. Also In reglon 1 and 2 Inthe two
slots tha electromagnetic fleld Is expanded In serles of TE and TM modes:
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The quantty po®,Uq® andBie @, Vo¥ are respectively tha propagation constants the potontials fun.
ctions for TE and TM modes of rectangular waveguides with the same transversal sections of tha two slots,
By Imposing the continiiity of the tangentlal elecizic and magnatic flelds In the two planos Zmd and Zm§
it Is possible to obtaln & homogenous linear system of equatlons,

The unknowns are the sxpansion coefficlents A% , Bq 9,C5% and Dq¥ Intha stots.

The condition for non tivial solutions Is & function of the resonator length 1 and of the frequency
equated to zero. Therelore, lor & fixed froquency value It Is postible to obtaln the resonator length, that Is
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related to the propagation constant of the mode by tha following formuta:
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RESULTS

The prosented technique Is now applied to the study of a particuler case. Tha three coupled micto-
strip transmission lines ara considered on Alumina substrate 635 mmthick (e 10).

The width of the central conductor Is 150 um, the width of the lateral conductor Is 10¢ i, The siot
between the central conductor and the lateral conductor is 150 um. Boskles the case of zero thickness
metaliization (6= 0) three other ligures have been consideted (8= 15, 30, 45 pm).

The effective dielectric constant compusted lor the two mades corrasponding to the magnetic central
plane of symmotry Is shown as function of the frequency In figs. 5a and b,

The results refative to tha case of the electilc contra) plane of symmetry are reported function of tho
frequency In fig.6.

Moreover 8 comparison has bean performed with other results obtalned using the Spoctral Domaln ap-
proach [5] to evaluate the rellabilty of the achleved results, As It Is shown Infig.7 good agreement has ba-
en obtalned.
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CONCLUSIONS

Theoa coupled mictostrlp tranamission lines heve bean charactetized In tarms of distectrie eective
constant for the theea fundamental modes. A transversa rezonant tachaique has been itdized In ordec to
take lnto account the finke metal thickness.

A sodles of resuita for ditfarant metal thickness have been prasented.
Moteaver good agraement with praviot's data presented In Ikertura has bean obtalned,
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CAD ORXENTED ENUANCED MODELS FOR PLAKAR STURS

£, Sisnnind  Unlveyaity of Ranma 'Tox Vargnbat
Dpt. Elactronics Enginearing
ABSTRACT

The affectivanaess of the use of a planax approach te fully
characterize some commonly used matching elements, like stxalght
and radial stubs,is dormonstrated.

quasi frequency-indepandent uide-band aquivalent nodels,
easy to ba implemented in thae  available CAD packages, arxae
derived and their superiority with respaect to the presently
achiaevabla ones is theoreticslly and experimentally pointad out.

A physical {nsight into the e.m. propertias of such
structures is also given, ant. the resulting external frequeicy
behaviour, ia deplched.

Y. XNTRODUCTION

Low impedance elements are widely used in a large variety of
cirxcuital colutions, including matching, filtering and biasing
natworks.

Navertheless, the low-impedance requirecmant represents a
critical issua, due ton the fact that the geonatxy of the
corrosponding solution involves elactromagnatic phenonena,
that cannot ba properly takon into asccount through tha simple
and well-known line, i.e. mocno~dimensional, theory.

Two ore the main approachss to face a low inpedance lssue.

Firstly, straight stubs can bae used: in this case tha
inadequacy of the mono-dimenszional approach can be overcormae by

adopting a complate nodal theoxy (1), daeveloped to fully
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charactoerize the elactromagnetic Ceatures dexiving from tha
uplanarity"af the structura,

Sacondly, a dlfferent geometry can be considared, able both
to provida the required low impedance values and to nininize
sinply and affactively tha dravbacks dariving from tha use of the
wide rectangular matching elerents.

with thiz respect, radial  stubs can xeprosant the
proper solution to tha mantioned requirements (2). The features
of thosa structures, Jin fact, nainly consiat in a broadband
bahaviour together with a well defined “low-impedance" inzertion
point (2,4).

Moraovexr, the complaete a.m. charxactorization of such
i structures can ba carried out on the basis of the same nodal
' theory usabla in tha case of stralght stubs {5,6). Finally, the
: affective substitution of straight stubs with “equlvalent® xadlal
| ones, can bea easily achliaved through the zettlomant of a tight
} corraspondanca beatween tha two proposcd structures (7,8).
| Theraofoxe a powerful e.m. characterization of the planar
l elements, through, for Instance, the above nentioned nodal
! theory represants the only viabla solution to address the issuu
of a more accurate nodelling of both straight and radixl
stubs (9,10).

Moraovar, a davelopnent of lunped rmodals bused on this
mathodology (1l) can represent a propor 2erging of the required
accuracy with the availability of friendly tools <agy to ba

iwmplemented in the presently commercial CAD packages, aund so

Ph e e v - o

122




ey

affeoctivaly usable in practical circuit design {12,23,14).

IX THEQRETICAL CHARACTERIZATION
A. General gvoreach

The electromagnetic bshaviour of both stralght and radial
stubs can bhe derived from the application of a praviously
devaeloped (1) analysis technique for planar cixcuits, bazsed on
tha theory of resonant cavities and purforsmad {n the spacitic
case of a two-port natwork of a generic geomatrical shape.

The usa of this nmathod is particularly advantagaous as it
rasults in:

- the {ntrcduction of frequancy dependent effective paranaters
for each rasonant mode of tha structure so uachiaving an
accuratae dascription of ita fraquancy behaviour;

- a physical Insight into tha filtering properties of tha
structure, rasulting in a dependable basis of accurate
synthaezis tools;

- the avaluation of the structure Iimpedance wmatrix, which
xeprasents a flexibla tool for the analysis and a key point
for an aeffectiva lumpaed modaelling and a resulting synthesis
Erocadure.

Fig.1
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The analysis of a ganerxic two-port nicrowave plapar natwork
t*ig. 1) can ba performed by firstly evaluating, in the § domain
of tha xy plana, the orthonormalizad szt of singenfunctiona of

thae bi-dimansional Helmholt:z equation:

Vit Ky Pm=o ()

with homogenaous Neumann's boundary conditions,

Tha confortable terminal description of tha structure as a
two-port natwork /s obtalnud by aevaluating the Iimpedance (2)
matrix, ralated ¢to tha dominant TEM modes of the lines.

Under the hypotheses of negligible lossas, evaneszcent higher
ordar modas on tha connacting lines, and line widths much smaller

than the structura dimensions, tha natwork impedance natrix is

given by:
[
L]« & [im] (2)
me0
with:
] Rt Reu® '
[z Jw 'h‘ I- m{ Y3 (2 ]
"R e RS
whgre un-xalgﬁi; is the mth structure resonant frequancy
ana:
- 3 . "
Rmt = ;;—‘;L: ¢,;dr L34,2 (2")

is tha coupling coafficient baetweon the nth resonant mods and the
TEM wava travelling on the ith line; 1{ is the portion on the

planay structure contour corrasponding to tha ith port; x% and
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¢‘ axe the nth eigevalue and efgenfunction of aq. ()

respactively; €mn is tha effectiva permitbivity of the mth
résopant mode; h is the subatrate thickness; Wi,eff i{s <he
affectivae width of the i{th line.

D. Zha straighi stub.

The modal approach can be  spacinlized considaring, as a
particular two-port natwork, two straight opan lines shunt
connected to a faeding line (Fig. 2). Tha structure has a
separabla geomatry in rectangular cooxdinates, and the

corrasponding (2] matxix can be analytically derived.

r~L—(

rig.2
Under the assumption of a double simmetrical structure, the

eqs. (2) can be specialized to giva:

. 00 e 4

™m0 o K“'W _(‘}}‘5_‘“
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Ko = f[(m)*mmﬁ
C. Tho xadin). stub.

(3')

In the casa of a radial stub (Fig.3a, Fig.3b) the genorxal

theory can be simplified and reduced to the calculation of the

Fig.3a >

Fig.3b

N\
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input impedance of tha structure in Fig. Jc, taking into account,
with propar aquivalent geomatrxiez (15), the e.m. difforencles
raelated to tha asymnmetrical (i.e. '"fan") or symmatrical

(i.0."butterfly") configuration.

Fig. 3c

Moreover, assuming the input port to be a non-significant
fraction of thae wavelength and consequently that only TMon radial
nmodes ara oxcited, tha torminal description of the radial line
can ba dona in terms of the following input impedance:

a

o= —Jfﬁﬂéﬁ_ +ikg 2:

(4)
wat K;;\" K%y

where Pon is the coupling coefficient between the TEM mode on _
the feeding 1linc and the Tmon mode excited in the radial
structure; Kg is the wavenunbar of the feeding line, Ko -ougEE;

is the free-space wavenunbor; £dn and Kon are the dynamic
effective pormittivity and the eigenvalue of the TMon mode

respectively.
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IXX. LUMEER MODELS
A.  Planac equivalent circuits

The affectiveness of the abova described approach for tha
analysis of planar structuras, fully results if it can be
translated in CAD-oriented models usable in broadband
applications and comprechansive of almost all the a.m. phenomena
occurring in a planar structura.

In the past, equivalent circults hava been darived and
proposed, but with limited applicability in fraquency, accuracy
and possibla geometries of plsnixr structures (16, 17).

on the contrary, a c gcult was proposed , whose elements
are frequency dependent practically only because of dispersion
[11].

As a consaquence tha equivalent wmodel can be assumed to ba
constant with frequency in » wide frequency range and its
applicability in broadband applicztions is straightfoxward.

For a generic, symmetric two-port planar structure, the

general equivalent circuit in Flg. 4 can be daxived [11].
2 lLod
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The circuit is composed of antiresonant LC cells (with the
excoption of the alectrostatic term, corresponding +to a pure
capacitor). Each LC ce)l)l rxepresents a resonant moda sustained
by the affectiva planar structure, i.e. by a structure derived
from the actual one having affective dimensions and permittivity,
which are, in general, both dependent on the fiald confiquration
of the resonant mode.

only a finlte number of such cells has to be considered in
particular applications, depanding on both the frequency range of

interest and tha accuracy to ha reached.

8. ong-port wmodel for xadial stub,

The abovae theoretical charactexization of a lossless radial
stub, can be put intc the form of a CAD-oriented equivalent
circuit starting from the eq. (4). The equivalent lumped elements
can ba easily derived, in fact, settling:

Nin ==j L +jw£ Lon

T T (s)
whare

Coo = E €830/ R

Lom= R4ty / K

Con = {E Eobdn/Pon

4
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Moraovar, noting that the usaeful working frequancy range for
a radial lina is normally limited up to tha frequency of its
first intinite reactanca, the simplificd mode) of fig. 5 can be

Co Lo L1
Y .,
' I
[ R
Cl
Flg.5

used, where:
CozCoa 3 Ci= Coq
Ly =Ly 7 Lo= i\om
na2

A differant approach has deponstrated to be more appropriate
in the davelopment of an equivalent model foxr tha elechrical
behaviour of a two-port reatangular structure. The usaefulness of
tha equivalent circuit of £ig. 4, in the analysis and the design
of a nicrowave integratad clreuit, in tact, is practically
linited baing quite apart frem the typical nmicrowave dasigner,
who is usecd to treat the circults in terms of trasmission lines
and to add as lumped clements only the rasults of the so called
“parasitic" effects.

Moreover, the presently available CAD packages are nostly
structured to ba aligned with this kind of approach.

For this reason eq. (3) can be re-written as:
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with b,) and Wo offectivoe dimonslions, € m,n the affective

pormittivity of thae (m,n)th resonant mode; h the substrate

-

thickness. The Z-paramotors expressed through eqs. (6) and (7)

roprosnt the structure in fig. 2, as a sun of diffarent

contributions.

More exactly Z'ev and Z'od are surmmations of all the ternms

- - — oK

having an aven or an odd "m" index respectively; Zy takes into

account the finite width of the input and output ports; 2s is

tha input inmpedance of two shunt stubs having a width )1 and a
length b/2.

The described reprasentations can be translated into the

equivalent circuit of fig. G6a and 6b, which fully describes tha
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Zogs b/2
rlg.6a
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Lo By i} 5'
Fig.6b

. fraequancy behaviour of a so called “Croas-Junctlion®

-

discontinuity.

. IV RISCUSSION

A. The fon apd the hutterfly caszog

The accuracy of the modal approach and the usefulnaess of

thae proposed equivalent model have been checked through thu
developrent of pratical circults (7,10]}.

In particular, the insertion- dependency of the equivalent

— -
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rnodel has been stressaed and experimaentaliy demostratad [13,1S8).

As an exampla, the comparisons betwean the rasults obtajned
from tha abovae described equivalent nodels and the corresponding
available comnmurcial CAD simulations are roported in fig. 7a and
7b {10). Both figures show tha percentage displacement, derived
fron diffarent approaches, in the radial stub induced &rasmission
zoxo fraquency, with respect to a rueference casae avaluated
through tha proposed equivalaent clrcult.

In fig. 7a the conmparison for the single radial stub in
shunt configuraticn (i.e. the "fan* stub) is shown, while 7b
reports tha comparizon for tha doubla radial stub in shunt
connection (i{.e. tha "butterfly" stub).

As it can be obsarved, both the proposed model and the
oxparimental rasults point out the quite different frequency
behaviour of the “fan" and the “butterfly" insertions.

It means that a successful simulation of rxadial stubs
requiras the use of an equivalent geometry properly related to
the particular insertion [15). Moreover, thae presently available
CAD packages seem to provide a quite good agreoment only in the
casa of tho "fan' stub, but demostrate a poor accuracy for the

"butterfly" configuration.

B. " colt

Thae symrmetric cross-junction is a widely encountered
discontinuity element. In many CAD packages, the simulation is

linited up to soma particular shape ratios, because the
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equivalent clrcults do not taka into the proper account the
axcitation of trasvarsal modes, whosa importance bacomes relavant
vith the increasing of frequency and/or tha lovering of the stub

impadance.
48{321)
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40,00

Fig.3a

The wmodal theory and the related equivalent cixcuit do
not suffer from thess limitations and give effactive tools for
properly simulating all the possible geomatries indepandently
from their shape ratlos, so widening tha ranga of validity ot
the axisting equivalent models.

A comparison between oxperiments and simulations achieved
from the mode based models and widaespread pcommercial CAD
packages is presented in fig. 8 and 8b for two spacitic
qeonetries.

The accuracy of the commercial code is acceptable only for
rectangular stubs having a quite narrow width, whare it bacomes

extremely poor for wide  transversal dimenmsions. on the
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sontrary, tha plansr approach and the related equivalant circuit

on £ig. 6 it the axparimants whataver the structura size.
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V CONCLUSIGNS

Planar stubsz, both in the straight and xradial shape, are a
proper solution for the low-impadance issue. Moreover, a wodal
theory represents a powerful approach to fully characterize their
alectromagnetic Zeatures and it can ba easily translated in very
affective lumped aquivalant circuits, easy to be iwplemented in
the presantly available commerclel packages. The proposed models,
based on a dynamic approach, fully dascriba the frequency
behaviour of the structure, so overcoming tha limits of the

previously proposed quasi-static approximations.
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The values of the aquivalent components ara pratically pnot
fraquency depandent, with the exception foxr the vary moderate
dispersion sftect, so enhancing the affectivenass of alresdy
proposed f£requancy-depandent alemants.

The frequency ranga of validity of the eaquivslant circuit is
nuch broadar with respact to the aexisting ones and it s
intrinsically potantial of a further broadening by adding further

lumpad-alenent cells.
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ABSTRACT

The Communications Engineering Design System (COEDS) developed at the
University of Kansas is a Computer Aided Analysis and Design (CAAD) tool for
Eleciromagnetic Interference/Electromaguetic Compalibility (EMI/EMC) analysis of
colocated communications equipment, COEDS has been designed as a shell or
wrapper around codes previously implemented, providing intelligent user
Interfaces for data entry, a smart postprocessor te display data in a “thought
enhancing” manner, and all data management functions. The COEDS shell can aiso
be applied to other EMI/EMC codes and can be adapted to other large programs.
COEDS permits the EMI/EMC engineér to determine the interferenee belween
communication systerns where the principle coupling results from the antenna to
antenna interactions causing multiple unwanted signals to enter sensitive recelvers.

Introduction

The design of communication systems generally follows well developed
methodologies which have been successfully extended to distributed networks with
many nodes. When nodes for different networks are colocated in a relatively
confined arca such as is found aboard ships, communication “huts* and so forth,
interference oceurs between the netwoerks because of mutual coupling between
anlennas, There are other mechanisms that cause Electromagnetic Interference
(EMI), however, most of the effort at achieving Electromagnetic Compatibility
(?MC) has focused cn analysis and methods of overceming the antenna coupling
elfects.

Over the past ten years, under sponsorship of the Naval Ocean Systems Center
(NOSC), several computer programs have been created by the Electromagnetic
Compatibility and Analysis Center (ECAC) to perform EMI/ZEMC analyses for
situations such as those described above. The methodologies employed for analysis
have been sufficient but laborious [Rockway78). The programs developed require
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extensive data preparation and careful control of data management and produce
large volumes of tabular data which are difficult to interpret and even more difficult
to use In an iterative design procedure. The Communications Engineering Design
System (COEDS) was concelved, deslgned and implemented as a shell or wrapper
around these codes to provide an intelligent user interface, data flow and program
control, and a postprocessor that would present the data to the design engineer in a
"thought enhancing™ manner. COEDS can also serve as a model for similar shells
that may be developed to Interface to other EMI/EMC programs such as the
Numerical Electromagnetic (NEC) codes. Thus, COEDS is a prime example of
rauseable software which cun be adapted to other EMI/EMC codes.

Systems Analysis Using COEDS

The present design procedure for communication systems Involves an iterative
process. A candidate design Is analyzed In terms of the amount of interference
caused by colocated equipment. I the degree of cosite interference Is greater than the
amblent noise level, then the EMC requirements have not been satisfied and an
alternative design must be formulated. The approach used in producing an
alternative design may exercise one of the following options: change equipment;
add filtering on the transmit or receive side of the system; change the location of the
entenna(s); provide for frequency management by increasing the frequency
separatien between the transmitter and receiver, and/or assigning intermodulation
free frequency sets; support power management by reducing transmitter power;
provide for time manngement by monitoring the number of simultancous
transmissions or duty cycles; or reduce design goals and accept interference
interaction (Li88],

COEDS can be used to analyze and synthesize the effects of most of the above design
improvement methods. In this paper, we will discuss the COEDS structure and
provide some typical examples of system use. Specifically, COEDS uses existing code
tor communication systems analysis when determining the degree of interference at
a receiver caused by colocated transmitters. A number of interference sources are
considered including simple broadband noise, spurious transmitter emissions and
spurlous receiver responses, transmitter and receiver intermodulation, and coupler
harmonics. Once data are obtained regarding the amount of interference present at
the receiver from as many as forty neighboring transmitters, COEDS can be used to
determine the frequency separation required for the system to be amblent noise-
limited rather than interference-limited, or to investigate other Interference
mitigation techniques. Successive analyses of the communications system are based
on test plan structures which allow the user to choose the frequency Intervals at
which a transmitter is tuned with respect to a victim recelver in the systen.
Various test plan types can be specified depending on the classifications of
interference interactions to be considered.




COEDS Architecture

COEDS was developed as an interactive CAAD/CAE workstation tool. The system,
shown In Figure 1, Is based on four functional madules which fllustrate the range of
functionality provided by COEDS: (1) Platform Database Operations; (2) Platform
Viewer; (3) Configuration Viawer; and (4) EPF (Equipment Parameter File) Viewer,

Platform Database Manipulations

The iterative nature of the design process requires the capability for freedom of
movement through the space of alternative designs. In order to achieve an optimal
configuration, the enginear must be able to view the alternatives in an efficient
manner, The Platform Database stores the user's design instantiations (refesred to
as configurations in the COEDS system) as well as analysis results for each design.
Platform Database operations allow the user to review the steps that he or she has
taken in the process in order to compare alternative designs and analysis results.

Platform Viewer

The Platform Viewer allows the user tz create and/or open a platform for
communications system design. A particular platform may have several
configurations associated with it, cach of which represents an alternative design.
One of the functions provided in the viewer Is the capability to input antenna to
antenna coupling for the platform.

Antenna to antenna coupling, the chief mechanism allowing the mixing of
interfering signals, is input to COEDS in one of several ways. External files of
coupling data obtained from measurements or calculated from NEC codes may be
used. Coupling data can be input using a point curve input module that permits the
engineer to place the antenna coupling versus frequency points on a curve using the
mouse or keyboard. Alternatively, simplified equations incorporated in the analysis

engines may be used to calculate the coupling from the physical locations of the
various antennas.

Antennas are medeled as ideal eleraents in so far as impedances are concerned.
COEDS has the capability of placing a coupler or filter in series with the antenna
representing the power transmission loss versus frequency arising from the actual
antenna impedance. A antenna impedance matching program developed at NOSC
is also included that calculates matching nétworks,

Configuration Viewer

Once a platform has been selected with the Platform Viewer, a configuration can be
built using the block diagram editor, analyzed by specifying a test plan and running
the appropriate analysis engines, and evaluated by viewing graphical ouput with the
COEDS postprocessor.
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Anengineer normally thinks in terms of block diagrams. Therefore, the user
interface to COEDS was designed to allow the engincer to build a block diagram for
the communications system on the screen using equipment "black boxes™
Available cquipment Is displayed via pop up menus and can be selected by polnting
and clicking with a mouse. Using a moust and menu-driven approach for data and
command entry minimizes the requiremants for error checking and reduces the
possibility of the user entering erroncous data,

A communications suite is constructed ushiig the block diagram editor. Operations
which are available to the user include adlding and deleting blocks, changing the
connectivity between blocks, adjusting equipment parameters, and moving the
blocks around on the screen. The blocks are specified as transmitters, receivers,
couplers (filters), decouplers and antennas. The engineer selects the various blocks,
interconnects them and sets key parameters such as the physical location of
antennas, the range of frequencies, modulation types, power transmitted and so
forth. After a system is built with the block diagram editor and configured with the
desired parameters, it is saved In the platform data base with any other
confligurations instantiated for the current platform. Once the configuration is
saved, the engincer does not have to enter any further equipment parameters or
values. All data are automatically passed to the appropriste modules. At this time
the communications engineer can create a desived test plan for specific or generic
compatibility analyses. COEDS will then generate the equipment connectivity,
extract the appropriate data, and run the analysis engines for interference
computations.

System Analysis

Predicting cosite interference, performance degradation, and link performance is
accomplished using batch programs integrated inte COEDS. The batch programs
used are COSAM 11 [Clubb87) for interference and degradation and LINCAL
{Roder79) for link analysis.

COSAM 11 operates in two different modes, a System Performance Score (SPS) mode
and a Necessary Desired Power (NDP) mode. In the SPS mode, the engincer sets or
uses predetermined levels of received sensitivity. The system then calculates, as
one output product, the probability of successful communications for ambient noise
limited and interference limited conditions. In the NDP® mode, target performance
indices are set by the engineer and the system calculates the required receiver input
signal power to achieve these goals for both ambient nolse Jimited and interference
limited situations.

While these output products are satisfactory for a comprehensive final report, they
do not lend themselves to the needs of an engineer in an iterative design process.
One of the interim calculated products is the equivalent on tune power (PINO) for
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cach interaction at cach receiver. Given the PINO at a recelver, the Excess
Interference Level (EIL) is defined as the amount by which the PINO exceeds the
amblent nolse power at the receiver [Rockway78). This EIL value represents the
additional Isolation needed between systems. Since the communications system
under analysis will always suffer the effects of ambient noise, an ElL value of zero
denotes the climination of cosite interference and thus, the achievement of EMC
requirements. A frequency management plan which mainfains compatibility can be
specified by determining the frequency separation required to achieve zero EIL for
cach equipment.  Alternatively, additlonal flltering can be inserted, selected
transnutter powers reduced, antenna isolation Increased by repositioning the
antennas and so forth.

LINCAL calculates groundwave and skywave propagation losses, as well as recelved
signal statistics based on transmit frequency, power, and distance. Once a {requency
plan has been determined and the required signal to noise plus interference levels
established, LINCAL can be used to determine the achieved quality of service for
specified circults between remote nodes when the noedes are in a complex
interference environment.

The COEDS interface to these batch programs is the test plan generator. The test
plan generator allows the user to specily sets of parameters based on the type of test
plan chosen. The various types are as follows: isolation study; intermodulation
study; spurious emissions/response study; compatibilily analysis; and link analysis.

An Isolation study in the COEDS system will perform adjacent signal and broadband
interference analysis automatically to determine minimum transmitter-receiver
[requency spacing. ‘This test will show how close each transmitter can operate to
each receiver for the most efficient use of the frequency spectrum. The minimum
separation between each receiver and transmitter Is determined by calcalating the
performance degradation from adjacent signal interference and broadband
transmitter noise as a function of transmitter-receiver frequency spacing.

An intermodulation study in COEDS will evaluate the effect of intermodulation
producis, harmonic products and cross modulation products which may be
gencrated in transmitters, couplers or receivers. The interfering effect of these
products does not depend on frequency spacing but on the ratio (f1/f2) between
emitter, oscillators and intermediate frequencies. Slight changes in an emitter
frequency, reduction in power, addition of filters or denying particular operating
frequendcies to a transmitter or receiver will eliminate product effects. The results of
the product study can be used cither to confirm that a given frequency plan may be

used, or to show which discrete frequendes in a band should not be used to achieve
EMC.,

A spurious emissions/response study will consider exclusively the interference
generated by spurlous emission and spurious response interactions. Compatibility
studies take into account all possible interactions including intermodulation
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preducts, harmonlc products, cross modulation products, adjacent signal analysis
and spurious emissions/spurious response.

Link analyses predict the link range between a system recelver and a remote
transmitter. Typlcally the link range is limited by cosite interference, ambient noise
and recelver intrinsic nolse. The objective in cosite analysls is to reduce cosite
interference to a lavel whercby it does not limit link range. The goal is to balance
the interferers and other noise so that the link {5 limited only by ambient noise and
Intrinsic noise,

Poatprocesing

One of the strengths of the COEDS system Is the Postprocessor subsystem. It
manages the data generated during the various analyses, presenting essential
information needed by the engineer for the various tasks at hand. Interference and
performance prediction results are arranged hierarchically in graphical and pictorial
format from the most general view to more specific views. This allows the engincer
to look at the overall performance, quickly select the most damaging Interference
and focus on the specific devices which cause the problem. Various graphical aids
are included to help the engincer select appropriate mitigation techniques.

Equipment Parameter File Viewer

The Equipment Parameter File Viewer allows for access to the communications
cquipment contained in the equipment data bases. The data bases store the
cquipment operating parameters and performance degradation curves required by
the analyses engines. When building a block diagram, the user chooses equipment
for the communications system from these data bases. The Viewer included in
COEDS is used to set values in the block diagram, search the data base for alternative
Items or to check the range of values for the selected items. In addition to the
cquipment contained in the inventory, COEDS has the provision to add equipment,
modify equipment or alter key parameter values,

System Example

An example of EMC analysis, using COEDS, Is explained in the following section.
Figure 2 shows an example HF system with three transmitters, a coupler and
decoupler, onz receiver, and two antennas. The purpose of the example is to
demonstrate: the steps used to divide the cosite problem; the methods of displaying
fr rference interactions, performance degradation, and link performance; and the
it tive approach used to identify and reduce the most damaging interference, The
example illustrates analysis and prediction methods only and is not intend:d to
represent an actual system.

s\ s

The example analysis follows four steps: (1) Adjacent signal analysis to determine
minimum transmitter/receiver frequency spacing; (2) Intermodulation analysis to
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determine undesirable frequency combinations and maximum allowable
transmitter poier; (3) Frequency selection and system connectivity adjustments in
order to mitigate problems found in steps 1 and 2; (4) Recelver performance
degradation and link performance prediction In the presence of all known cosite
interferers. Because of the ease in changing the sysiem and automatically updaang
the system data base, the system may be changed at any time during the analysis.
This allows for an iterative approach to reduce interference to a level whereby EMC
is achieved.

Analysis Example

In step une of the analysls we investigate the effects of transmitter/receiver
frequency spacing on recelver performance. For the most efficlent use of the
spectrum and to be able to have the maximum number of frequencies avallable, we
want to know how close each transmitter can operate to each receiver. Figures 3a
and 3b show the results of adjacent signal analysis by the frequency of the interferers
and the relative interfering power. The frequency of the receiver being analyzed Is
denoted by the dashed line to draw attention to the main area of interest. We are
concerned with the effect of the transmitters on an individual receiver. The relative
power of cach interferer Is shown as the amount by which the interference power
exceeds a certain threshold. This value, the Excess Interference Level (EIL), is
caleulated such that an EIL value of 0 dB represents the threshold. A level above 0
dB will not meet EMC requirements. A level below 0 dB and the recelver
performance will meet or exceed EMC requirements.

In Figures 3a and 3b, receiver 1 s shown as being tuned at 3,12 MHz. The interfering
signals and their interfering effects (EIL) are shown as icons on the graph, at
frequency spacings of 2.5, 5, and 10 percent away from the operating frequency of
receiver 1. These figures show that transmitters 1 and 2 Interfere with receiver 1 at
frequency separations of 10 percent or less. Regardless of intermodulation, spurious
emission and harmonic products, the system Is fundamentally limited by adjacent
signal noise. To reduce the effect of adjacent signal noise to an EIL of 0 dB without
resorting to extremely large frequency separations, cither the system connectivity
can be changed or the equipment can be changed. As it is usually very difficult to
increase the antenna isolation we have changed the method of cutipling transmitter
1 and receiver 1 to antenna 1 by adding two additional couplers. The revised system,
shown In Figure 4, was entered into the COEDS adjacent signal analysis model with
the results shown in Figures 5a and 5b. The result of changing the coupiing was to
reduce the adjacent signal noise in receiver 1. Figures 5a and 5b show that if
transmitters 2 and 3 operate at 1.5 percent spacing or greater, then broadband noise
will not limit system performance. By establishing this minimum
transmitter/receiver frequency spacing, the frequency requirements for EMC have
be determined.

In step two of the analysis, we investigate the effects of intermodulation products,
harmonic products, and cross modulation products which may be generated in
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transmitters, couplers or receivers. Due to the fact that these effects are nonlinear,
results cannot be derived for a band of frequencies. Instead, the user must evaluate
the system at discrete frequency values and repeat the process until a satisfactory
level of performance §s achieved. An advantages of using COEDS in this step of the
design is the case of changing frequency values for evaluation. The results of an
example intermodulation study are shown in Figures 6a and 6b by the frequency of
the intarferer and the relative interfering power of the intermodulation product
term (EIL). The results of the study are shown for receiver 1 and all the products
from transmitters 1, 2, and 3. The figures show that, for receiver 1, all frequency
products produce an ElL value less than 0 when the interfering transmitters are
tuned at a frequency spacing of 10 percent. Figure 6a demonstrates the effects with
transmitiers 1 and 2 tuned 10 percent below the receiver operating frequency while
Figure 6b shows a separation 10 percent above the receiver frequency. Additional
analyses must be evaluated in order to determine if a smaller frequency spacing can
be used. The point of this example Is to show the capabllities of COEDS when
evaluating various frequency plans for a system.

The final step in the analysis Is to predict link range between the system shown in
Figure 4 and a remote transmitter. Figure 7 shows the difference between noise-
limited service and interference-limited service. The top curve in Figure 7 shows
link range when receiver 1 is limited only by amblent and intrinsic nolse. The
bottom curve in Figure 7 shows the link range when receiver 1 is primarily limited
by interference interactions. For the example shown, the effect of cosite Interference
is to reduce maximum link range by approximately 30 km. Thus, the meeting of
EMC requirements for colocated equipment by the reduction of cosite interference
provides the additional benefit of improved link performance.

Future Work

COEDS was designed to permit the inclusion of additional analysis engines in future
versions or for the replacement of the engines with other communieations systems
analysis tools. The control structure of COEDS is written in LISP and can operate
with auxiliary code in any major programming language. Planned future
enhancements include the addition of an antenna data base, a frequency hopping
and spread spectrum model for interference, a PC-based system, and a knowledge-
based version for automated design.

Summary

COEDS is an interactive CAAD/CAE workstation tool to be used as an ald in
predicting Interference, performance degradation and link performance when
determining the degree of EMC for cosite communications systems. An example
was shown which demonstrated the block diagram interface, automated program
operation, generation of graphical output, and ease of use in changing the design to
meet performance criteria. Key features of COEDS are the block diagram editor,
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configuration data base, the test plan/frequency plan generator, use of a mouse to
point and select for all Input and execution, and a postprocessor for output displays.
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Modeling Unintentional Sources of Electromagnetic Radiation

Todd 1, Huliag
1B Communication Systems
Rocsech Trisngle Park, NC 2770

Abstraet + Suppresiing the chetmomagnelic ema-
nstions frorm uninteational rsdistion sourees f1 a
growing concem. A varcty of aimple radiation
madelt ate usd by cletionie cleuit and systoms
deadgers 10 help them locate and evaluate potential
soutees of radistion,  tlowewer, the powerful
autmcnieal tnadeling techniques that are widely used
10 analyze antenna daigns, are rarcly applicd to
vninteational mdiation sourtes.  Numerical M
analysis codes that work well for modeling antennas
are not weadily applicd 10 deviees that are not
designad 10 radiate, The analysis of uninicational
eadiation sourecs prescnts a unique s¢t of problems,
This paper invetigates some of these problems and
Nugtrates them walng simple models for a video
display enninal. Approsches 10 the analysis of this
model using existing momentmethod algorithms
are inveatipated, “This Iavestigation reveals some of
the weakncises of the calsting techniques and makes
it clear thst 2 now approzch fs necded, Although
this approach i3 yot 1o be defined, eascntial features
of such an approsch and the incorporation of these
features in a computer monkeling coue are discussed,

Introduction

Unintentiona) sources of cleetromagnetic radi-
ation have been the object of an Increasing amaouny
of concent,  Many countrics, including the U.S,,
regulate the clectromagnetic emissions from unine
tentional sources sueh as computers and computer
peripherals. The trend towands faster, more sophis.
ticated, but less expensive computing devices has
made it much more dilficult for compeites manufzc-
turers 10 meet these requiremcnts using traditional
methods, ‘There is an increasing need for EM mod.
cling algorithms that can be applicd to unintentional
radiation sourcs.

J. Frank Ksuffman
Noeth Caroling State University
Raleigh, NC 276957511

Unforunstcly, moxt uninteational radiation
urees am very complex. 1t s not wsually clear
whikh parmacters of the soure are eritical o its
soalysis,  For cxunple, a video display tcaminal
may contain sveal highfroqueney cirvuit cands,
Intermal wices, and cxtemal power and signal eables.
Modeling cvery cireuit and wire using numerical
modeling techniques is not usually practical, Exees-
sive amounts of computation would be requined and
cxiting numerical techniques are unsble 1o model
this type of highly-complkes source, 1§ would ke
muwch better 10 climinate those wires and cireuits
that da not have & significant effcet on the radistion
pror to the application of a pumcrical technique,

Whea modeling sources that arc desipned 10
radiate, it §s rlatively casy 10 detemine which
parameters are impostant caotgh 1o be included in
the model,  However, the mdistion mechaniim of
unintentional  soures §s  not  usually  wxll
understood, “Ihe high-frequency coupling between
cireuits makes it difficult 10 detennine one specific
source and there arc often several possible radiating
clements,

Example

Consider the video display terminal (VDT)
lustrated in Figure 1. Rather than attempting to
model all of the significant parameters immediately,
it is often useful to start with a simple model of a
primary radistion mechanism, Once the behavior
and limitations of the simple mode! arc well under.
stood, other parameters of the VDT can be included
in the model. In this way, the potential significance
of these parameters can be evaluated,

JCthe VDT is small relative to a wavclength at
the fiequencics of interest, it is reasonable to expect
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11,3} that the common-tiads! currents induecd on
the altached cables are the most  significant
cketromagnetic radiation source, ‘The simpledt pos-
sible modcl of the ¥DT 1hercfore consists of a cable
and 2 3owa2 that puts current on the eable, Since
only common-mode currents are being considered,
the cable ean be modckd with 3 solid wie, A
souree on the cnd of the wire supplics the current
and an undetenmined kength of wire on the opposite
side of the source modkls the parts of the VDT that
are driven relative to the cable,

Althovgh Figure 1 represents a very cnwde
model of a complex device, it is readily analyzed
and can tell us many important things about the
way this device radistes, For example, the cument
distribution (though not the amplitude) on the cable
can be caleulated for various eable positions, tenmis
nations and frequencics, By setting bounds on the
length cf the wire segment above the source (based
on the dimensions of the VDT), useful information
pertaining 10 the input impedance and possible res-
onant frequencies can be obtained [2).

This model et be Enproved somewhst by
modeling the source with greater detsil,  Compare
frons with actual measurcements or cxperience with
VDT testing are usclul for eatitnating 3 veltage ksl
and souree impedanee to Ui In the meadel, Filters,
forrites, or shlekds that are designed 10 reduce
cotmon-mode curreats on the eable can be addal
to the modkd 50 predict their clfectivencss,  For
srartiphe, 1 souree minkl for 3 S0-ohem circuit abave
a ground planc In 2 VDT with 3 ferite choke on
the power cablke mighi be modckd a3 shown in
Figure 2, ‘This type of model i3 mome seunate than
the singe wine mode] amd ean provide ueful infore
mation about the cffect thas the gound pluw,
cireuit rosistance and femite impedance have on the
radiation from the VDT,

Numerical Techniques

Models such as the onc in Figure 2 comisting
of three-dimenslonal cireuit layouts in the prescive
of neathy metal plates and cables are very useful for
analyzing a vancty of ekeetromagnetic compatibility
problens,  Unfortunately, this type of configuration

S/

1 CROUND PLAKE
Tl
1.4 errmmng bty

Figure 2. Circuit with Ground Plane and Attachd Cable

! Common-mode current o the component of the cable current that flows in the same direction on
all conductors as opposed to differential or nonmal-mode curmat which flows in opposite directions
using different conductors in the same cable.
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is not readily analysed using existing numerical EM
analyls techniques.

A finite-clement lechnique would appear to be
appeopeate for modeling cketcally small cirevits
and metal plates, howewer most pesctical uninten.
tional soure models have rolatively Jong attached
wirss [2]. For this reason, a momentomethod teche
nique Is preferred,  Unlortunaicly, 2 suney of
existing momentmethod algonthms did not tum up
any readily-available codes eapabls of modeling this
type of configurtion,

‘Two of the codes that were cvaluzied did
come clors however, The ESPI code |3) developed
at Ohio Statc Univenity models wires and
conductive surfaccs and can accuratcly cakulate the
input impodance of a s0uree near a wire attachment,
Jt docs not model wire attachments near the edge of
a plate however (peohibiting wire stischments to
cketrically small plates) and it could not analyze
wire attachments 1o opposite sides of a thin plate,
‘The Numerical Eketromagnetics Code (NEC) 4}
developed at Lawrence Livenmore National Labora-
torics madels wire attachments near the odge of a
surface and on both sides of a susface, It does nat
however, model thin surfaces very well and caku.
Iations of the input impodance of a source near a

P g

TR
SINGLT-LAYIR  OOUBLE-LAYER
CRID CRID

Tigure ). Wite-Grid Models of an Radialion Source with a
Metal Plate

wire attachiment point arc not always acunle,
Modifications to the NEC code were atiemptad in
an cffort 10 use this algorithm for modcling unintens
tional sources [S]. “Theie modifications mproved
the detail and * of the wire attachment eals
culations at the expense of additionsl computer time
and memory. The result was s sehitively Incllicient
cade that aceurately cakeulated the input impedance
of sourccs near 1 wire altachment, but eould still
not model thin surfaccs. ‘The inability of NEC 10
o] thin surfaces s due in pat 10 propertics of
the magnesie ficld integral equation (MELE), which
it uses to salve for the currents on conductive surs
faccs, ‘This limitation can be overcomme by modeling
the surface with smalker patehes 50 that the kagth
and widih of cach patch are comparable 1o the
thickness of the metal plate, “This requines a lage
number of paches howeser, and the computing
rsouree roquined 1o model the conductive surfaces
fount in most unintentional sources §s prokibitive,

Wire Grid Modeling

Another possible approach to the analysis of
this type of configuration is wireegrid moddling,
Conductive surfaecs are often modeled by o grid of
wires, which facilitates their analysis using onc of
many moment-method codes that accurately model
wire configurations.

‘Two techniques for modeling  clectncally
small, thin plates with a wire grid were investigated,
They are illustrated in Figure 3, “The first technique
(single-layer @) represcats the 2ntire plate with
onc pid, The second technique (double-layer gid)
uscs a separate grid 1o model each side of the plate,

Various wire-plate structures were built and
tested in order to obtain measurcd data 1o compare
with wire-grid model results. In general, the wire-
grid suudels were capable of modeling the plate very
well except st frequencies near the systems reso-
nance, ‘The results were relatively insensitive to the
diameter of the wires in the grid, which was sur-
prising since the wire diameter is a critical parameter
in the analysis of clectrically large or resonant sure
faces [6]. For these clectrically small plates, it was
only nccessary to choose wire diameters within the
constraints of the algorithin and to insure that the
sum of the wire diameters at an atachunent point
was on the order =f the diameter of the attaching
wire,

155

R




Z
§
i
r,

RRATCRNBYT S T D

wreasm— uu- e—
e sat{wmi
r)u-f-ngnu ./: ? Y TR TY Yy £ ‘ .&.":"1 :Sx!
* e
P s 3 B
e e T |
3% Fro QAR Lenef Ch
a 5 s $awad fnia(uesx (N0 |
- +
m o L
m? .
2k
g \ AL
.-.?gu ¥ {
® '’
4 8 s /!/ "
U % v
oL ,
.
S !
E s desatemtmdat bl 2. tod ol il
v [ "
NI iy e
Cwneint
Slolsirat =
S w e st dcec e s e

Figute 4, Wite:Gtld Analysls of 5 Went Wite sver 2 Motal Plate

Figures 4-7 show the roiults obtained whin  IXtails of the measurcant proceduce and sddie

singde and doublelayer grids wore used 1o model  tional wwsults are presented in [5).
four different configunations. ‘The souree smplitude
was | volt and the current was measuned at the base The double-layer grid did a good job of mod-
of